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1. Overview

GSadjust is a cross-platform graphical user interface for least-squares network adjustment
of combined absolute and relative gravity surveys. The software is a product of the USGS
Southwest Gravity Program. The purpose of GSadjust is to facilitate the efficient processing
of field gravity surveys. The program is useful for both synpotic ("snapshot") gravity surveys
or surveys of gravity change over time. The program does not perform gravity inversion or
otherwise interpret gravity data.

The objective of network adjustment is to determine a single, best-fit gravity value at each
station based on all available measurements and their respective uncertainty. Typically the
measurements are relative-gravity differences between stations, observed with a relative-
gravity meter, and absolute-gravity measurements at individual stations, observed with an
absolute-gravity meter. The reason relative-gravity differences are used instead of individual
relative-gravity meter observations has to do with the nature of the relative-gravity meter,
which is subject to constant, random drift and occasional tares, or offsets. Usually there will
be more relative-gravity observations than absolute-gravity observations, and there will be
redundant data (that is, more than the minimum data necessary to determine a gravity value
at each station).

Although various software packages exist for least-squares network adjustment of survey
measurements, gravity networks present unique considerations not present in other
methods. First, the primary instrument used in spatially-distributed measurements of the
Earth's gravity field is the relative-gravity meter, the zero-point of which drifts randomly
and unpredictably. Plotting relative-gravity meter drift over time is considered essential
for an accurate accounting of the meter's behavior. Second, it is widely recognized that
gravity measurements are susceptible to various errors and "outlier" measurements are
not uncommon. Network adjustments often proceed iteratively, including or excluding
observations based on the statistical properties of the network. For these reasons the
gravity-specific graphical interface GSadjust was developed for network adjustment.

GSadjust builds on the software PyGrav (Hector and Hinderer, 2016). Compared to PyGrav,
GSadjust offers enhanced plotting and analysis of relative-gravity meter drift, additional
methods for drift correction (beyond inclusion as a parameter in the adjustment), and
inclusion of absolute-gravity observations. GSadjust also offers additional functionality for
network adjustment, including plotting results, enabling/disabling gravity differences, and
calculating the change in gravity over time. GSadjust is written in Python 3 and the PyQt5
graphical user interface framework, and is public domain.

The software and related documentation on these web pages were developed in part by the
U.S. Geological Survey (USGS) for use by the USGS in fulfilling its mission. The software
can be used, copied, modified, and distributed without any fee or cost. Appropriate credit is
requested. The USGS provides no warranty, expressed or implied, as to the correctness of
the furnished software or the suitability for any purpose. The software has been tested, but
as with any complex software, there could be undetected errors.

Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.
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GSadjust Manual
USGS Southwest Gravity Program
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Installing GSadjust

GSadjust is provided as Python source code and an accompanying Python environment.
The download is located at:

https://code,usgs.gov/sgp/sgp-gsadjust

On Windows, GSadjust is run by unzipping and running GSadjust_launcher.bat.

On Mac and Linux platforms, a Python environment must first be created. A requirements.txt
file is provided for use with pip for creating the environment. Alternatively, the Windows .zip
download can be run inside a Windows virtual machine.
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Data Organization

Data in GSadjust are organized in a hierarchical tree. At the top-most level is the Campaign,
which contains all of the data in a project, typically from a particular field area. The user
does not generally interact with the Campaign object. Each Campaign has one or more
surveys, which represent all of the data combined in a network adjustment. If more than
one survey is present, gravity change over time can be calculated. Each survey has one

or more loops; the drift correction is specified on a per-loop basis. Each loop has two or
more (station) occupations. A station may be occupied one or more times in a Loop. Finally,
each occupation has one or more samples. Typically during a relative-gravity measurement
several samples are taken (often at a 5 second interval for the Burris meter, or 90 second
interval for Scintrex meters).

The content of the Drift tab is determined by the currently selected Loop, indicated by
bold type. Similarly, the content of the Network Adjustment tab is determined by the
currently selected Survey, also in bold. The selected Loop or Survey is changed by
double-clicking on the Loop/Survey name.
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° Loop

LC2(1)  -2016-06-19 13:(
Mgle-5(1)  2016-06-19 13z
Mglc-8 (1) 2016-06-19 134
Mgle7 (1)  2016-06-19 13:5
GLCY (1)  2016-06-19 14
gle-10 (1) 2016-06-19 1411
(V] usbrd7 (1) 2016-06-19 14:
LC2(2)  2016-06-19 14:t
glc5(2)  2016-06-19 154
glc-8(2)  2016-06-19 15:1
gle-7(2)  2016-06-19 15
GLC9(2)  2016-06-19 15:
glc-10(2)  2016-06-19 15:
[“] usbrd7 (2) 2016-06-19 16:(
LC2(3)  2016-06-19 16:
USBRA48 (1) 2016-06-19 16:C
[v]usbr11 (1) 2016-06-19 17
[l usbri2 (1) 2016-06-19 17:
[“] usbra5 (1) 2016-06-19 17:
(V] usbr16 (1) 2016-06-19 17:
USBRA48 (2) 2016-06-19 18:1
[“]usbr11 (2) 2016-06-19 18:
[l usbr12 (2) 2016-06-19 18
] usbra5 (2)  2016-06-19 18:
[V] usbr16 (2) 2016-06-19 19:
USBRA48 (3) 2016-06-19 19:
AMTN (1) 2016-06-19 20:1
USBR48 (4) 2016-06-19 20:¢
LC2(4)  2016-06-19 21:1
AMTN (2) 2016-06-19 212

Surveys
Loops

Occupations
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Samples

A sample in GSadjust is a single observation (meter reading) at a station occupation.
Usually any particular station occupation consists of several samples taken in relatively
quick succession without moving the relative-gravity meter. For the Burris meter, the
minimum interval between samples is 5 seconds if ambient noise is sufficiently low. For
Scintrex meters, the interval is usually longer, about 60 seconds.

All of the samples at a station are displayed in the Data table, and plotted, on the Data tab.
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Occupations

A (station) occupation includes all of the samples collected during one setup at a station.

If a station is visited multiple times during a survey, each visit is a unique occupation.
Occupations are shown in the left-hand tree view with the station name, average date/time,
and average g. Immediately after the station name, the occupation number is shown in
parenthesis. For example, if the station LC2 were visited 3 times during a loop, the entries
LC2 (1), LC2 (2), and LC2 (3) would appear in the left-hand tree view:

LC2 (1) 2016-06-19 13:04:22 2588878.7
gle-5(1)  2016-06-19 13:29:31 2589673.4
glc-8(1)  2016-06-19 13:42:58 2591919.1
glc-7 (1) 2016-06-19 13:55:32 2590909.6
GLCY (1)  2016-06-19 14:05:47 25931234
glc-10 (1) 2016-06-19 14:17:39 2599628.7
usbrd7 (1) 2016-06-19 14:27:26 2601940.1
LC2 (2) 2016-06-19 14:50:13 2588898.1
glc-5(2)  2016-06-19 15:08:17 2589700.3
glc-8(2)  2016-06-19 15:17:54 2591916.4
glc-7(2)  2016-06-19 15:28:33 2590910.6
GLCY (2)  2016-06-19 15:38:27 2593120.0
glc-10(2)  2016-06-19 15:53:10 2599627.9
ushrd7 (2) 2016-06-19 16:02:20 2601939.5
016-06-19 16:23:50 2588905.2

If samples are excluded by unchecking them in the main data view, the average date/
time and g in the tree view is updated automatically, along with the corresponding gravity
differences on the Drift and Network Adjustment tabs.

10
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Loops

A loop in GSadjust refers to all of the data for which a single drift-correction is applied.
Traditionally, loops consist of a series of station occupations that start and finish at the same
station (e.g., A-B-C-D-E-A). In the context of GSadjust, a loop may actually comprise two
loops in the field, e.g. A-B-C-D-E-A-B-C-D-E-A (this double-loop approach is often used in
high-precision surveys). Or, stations in a GSadjust loop need not be visited in any particular
order; the survey A-B-C-B-A-C-D-E-C-A could also be a defined as a single loop. Although
often the same drift-correction method will be used throughout a campaign, the method
could also vary by loop.

The following drift-correction methods are available:
None

Network adjustment

Roman

Continuous model

11
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Surveys

A survey in GSadjust includes all of the loops (and their respective occupations and
samples) that are combined in a single network adjustment. The survey represents a single
snapshot in time, although in practice, data may be collected over a period of days to weeks
if the gravity field is changing slowly.

Surveys can be renamed using the F2 key. The survey name must be in the form of a date
(YYYY-MM-DD), but need not be the same date as the data within the survey. Survey
names don't need to be unique in order to carry out network adjustment, but they do if
computing gravity change. The survey date is used when calculating gravity change trends.

If results for more than one survey exist, the difference can be calculated using Compute
gravity change. This can be used to calculate change over time, or to compare processing
styles. For example, The same dataset could be imported twice (first, using Load raw..., then
using Append survey to campaign...), and different drift-correction styles assigned to the
respective loop in each survey. Compute gravity change would then show the difference.

n Survey name
/-“’

File Edit Adjustment Teools Help”
. -
AV <7T PPy
/./’

Marme //flate g (pGal)
v [ 2017-12-057
W (1]

rg37 (1) 2017-12-05 13:36:51 2769700.8 + 2.7
rg26 (1) 2017-12-05 16:05:02 2769298.4 + 2.8
rg36 (1)  2017-12-05 16:10:05 2769456.0 £ 1.5
rg2b (2} 2017-12-05 16:15:45 2769305.5+ 1.6
rg37 (2} 2017-12-05 16:21:34 276597185+ 1.3
rg36 (2) 2017-12-05 16:27:06 2769465.3 = 4.8

e L 0T 173 NS 16,231,500 JTFAGAGD T o 1§

Survey name

The name of a survey. Must be in YYYY-MM-DD format. Press F2 to rename.

12
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Campaign

A campaign in GSadjust includes all of the data in a project. Only one campaign can be
opened or analyzed at a time. Campaigns consist of one or more surveys. If there are
multiple surveys, gravity change over time can be calculated.

Campaign data, including checked/unchecked status, drift-correction method, and network
adjustment options can be saved or loaded using the File > Save workspace... menu
command. Campaign data are saved in *.gsa files.

13
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Data Tree View

The Data Tree View, at the left side of the window, shows the overall organization of the

relative-gravity data. This view allows surveys, loops, and occupations to be activated or
deactivated (with check boxes), and for stations to be organized (and re-organized) into

loops.

Stations may be deleted, duplicated, or moved to new loops using the context menu, which
opens when right-clicking on a station name. Several consecutive stations can be selected
by holding down the shift key.

Stations can be renamed by pressing the F2 key when the station is selected in the tree
view. A dialog is presented with the option to rename all of the stations in the Campaign, or
only the stations in the same Survey or same Loop.

Selecting surveys and loops

Certain actions and views in GSadjust act on, or show, the currently selected survey or
loop. For example, when on the Dirift tab, only the currently selected loop is shown, and the
selected drift correction method applies only to that loop. On the Adjust tab, only the delta-
g's and datum observations for the currently selected survey are shown, and the network
adjustment is carried out on those observations.

A survey or loop is selected by double-clicking the respective name in the data tree view.
The selected survey or loop is shown in bold. In addition, the selected loop has a shaded
gray background.

14
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° Loop

LC2(1)  -2016-06-19 13:(
gle-5 (1) 2016-06-19 13
gle-8 (1) 2016-06-19 13:
glc-7 (1) 2016-06-19 13:2
GLCY (1)  2016-06-19 14:C
M glc-10 (1) 2016-06-19 14:1
usbrd7 (1) 2016-06-19 14:2
LC2(2)  2016-06-19 14:t
glc5(2)  2016-06-19 15
glc-8(2)  2016-06-19 15:1
glc-7(2)  2016-06-19 15:2
GLC9(2)  2016-06-19 15:
glc-10(2)  2016-06-19 15:¢
usbrd7 (2) 2016-06-19 16:(
LC2(3)  2016-06-19 16:
USBRA48 (1) 2016-06-19 16:C
usbri1 (1) 2016-06-19 17:(
usbri2 (1) 2016-06-19 17:
usbrd5 (1) 2016-06-19 17:
usbr16 (1) 2016-06-19 17:C
USBRA48 (2) 2016-06-19 18:1
usbri1 (2) 2016-06-19 18:
usbr12 (2) 2016-06-19 182
usbrd5 (2) 2016-06-19 18:
usbr16 (2) 2016-06-19 19:(
USBRA48 (3) 2016-06-19 19:2
AMTN (1) 2016-06-19 20:1
USBR48 (4) 2016-06-19 20:
LC2(4)  2016-06-19 21:1
AMTN (2) 2016-06-19 21:2
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Tree view context menu
The Data Tree View has a right-click context menu from which stations can be deleted,
duplicated, or moved to a new loop. Multiple stations can be selected by holding down the

shift key (these operations won't work when non-adjacent stations are selected, as can be
done by holding the control key).

- T [ AR i
Loop properties e ~— ] Delete survey t

~—_ } =~ Delete loop
Rename station °

Delete station(s)

T~ Loop properties 0

— = Rename staticn

Duplicate station o_______ [T Deletestation(s)
———— Duplicate station
Move station(s) to new loop ———— Move stations to new loop
o Delete survey
Delete survey

Deletes the current survey (the highlighted survey; not necessarily the selected
survey shown in bold).

Delete loop
Delete loop
Deletes the current loop (the highlighted loop; not necessarily the selected survey
shown in bold).

Loop properties

Loop properties

A text note can be added to each loop. This note is saved alongside the station data
when the workspace is saved.

o Rename station

Rename station

A station can be renamed by right-clicking it and selecting Rename station. Or,
press the F2 key. A dialog is shown that gives the option to rename just the selected
station occupation; all instances in the current loop; all instances in the current
survey; or all instances throughout the campaign.

16
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Delete station(s)
Delete station(s)

Deletes one or more selected stations (stations must be adjacent in the tree view).
To restore deleted stations, data must be reloaded from a text file.

Duplicate station
Duplicate station

Duplicates the selected station. This feature is useful when creating loops.

Move station(s) to new loop

Move stations to new loop

Creates a new loop with the selected stations.

17
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Tree view toolbar
Scale std. dev from results

Adjust current survey Adjust all surveys

Iocli s Help
Move survey up c_w [ l?
-
Move survey down ° w Date g (pGal) A
2017-12-05

W
Collapse all o/ vi40
rg37 (1) 2017-12-0515:56:51 2769700.8 £ 2.7
2017-12-0516:05:02 27692984 + 2.8

rglb (1)

Expand all

Edit

File

The tree view toolbar modifies the survey order, expands and collapses the view, and

provides shortcuts for survey adjustment.

Move survey up

Q.
This button moves the currently selected survey upward (before the pervious survey

in the tree view).

Move survey down

2 I
This button moves the currently selected survey downward (after the next survey in

the tree view).

Collapse all
o
=

This button collapses all surveys and loops.

o Expand all
Z
This button expands all surveys and loops

Adjust current survey
18
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This button adjusts the currently selected survey (also available on the Adjustment
menu).

o Adjust all surveys

This button adjusts all surveys (also available on the Adjustment menu).

o Scale std. dev. from results
‘11
This button scales the standard deviation of the gravity differences (SD for adj. on
the Network Adjustment tab) so that the standard deviation a posteriori approaches

1. Only the gravity-difference standard deviations are scaled; the datum observation
standard deviations are not.

19
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Survey and Loop metadata

Information about each Survey and Loop can be displayed by hovering the mouse over the
Survey or Loop name in the Tree view. For example,

rg38 (1) 2017-12-05 16:31:39 27609491.9
rg39 (1) 2017-12-05 164046 27694331
rg3d (2} 2017-12-05 164530 27609488.7

Mame Date g (HGal)
hd 2017-12-05
v H ]

Loop: 0 2TH9658 .4
Drift method: none 2769256.0
Meter: B44 2769453
Operator: abc 27693032
Comment: 2769716.4
Source: B44_2017-12-05.xt [77504R3.8

By right-clicking the loop name and selecting Loop properties, the operator, meter, and
comment metadata can be edited:

B3 Loop properties ? >

Operator |abn:| |

Meter ID 644 |

Comment

(o] o

Comments are saved with the workspace.
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Workflow
The GSadjust workflow generally proceeds in three steps:
1. Import and organize data (Data tab)

2. Correct realtive-gravity meter data for instrument drift (Drift tab)
3. Network adjustment (Network Adjustment tab)

In step 1, data are loaded from the text file output by the relative-gravity meter (Scintrex

or Burris). For each station occupation, individual readings can be deselected as needed,
using the time-series plot of gravity readings as a guide. For larger surveys, stations may
be grouped into loops as needed ("loop" refers to the set of station occupations for which a
common drift correction is applied).

In step 2, loops are corrected for drift. Drift-correction options are:
* None
* Include in network adjustment
* Roman menthod (interpolate)
* Continuous model
Each loop can be assigned a unique drift method.

In step 3, the drift-corrected gravity differences are adjusted using the least squares method.
Datum observations ("fixed" stations, i.e., those with a known gravity value) are assigned
and/or loaded from a text file. Adjustment statistics are evaluated and, if needed, gravity
differences can be excluded as outliers.

For all but the simplest surveys, it is usually worthwhile to complete all 3 steps before
deselecting individual samples in the Data Table, or before spending much time on the drift
correction. The reason is that errors in station name, tide correction, loop organization, etc.
are not uncommon. It is more efficient to reveal these errors, by carrying out the network
adjustment, before fine-tuning the individual occupations. For example, in the instance of
station name errors, the imported data text file should be updated, and the file re-imported.

21
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2. Quick-start tutorial

GSadjust is distributed with sample data sets for training purposes. Two fully-processed
examples are available:

1. Simple example: this synthetic dataset includes 5 stations, 11 relative-gravity
observations, and no absolute-gravity observations.

2. Complete example: this real-world dataset includes 38 stations, 271 relative-gravity
observations, and 8 absolute-gravity observations.

22
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Simple example

This synthetic dataset consists of a single survey with a single loop consisting of 5 stations,
11 relative-gravity observations, and no absolute-gravity observations. In GSadjust
terminology, in which "loop" refers to all of the observations for which a single drift correction
is applied, the loop consists of two visits to each station, with the first station visited 3 times.
The station order is 1-2-3-4-5-1-2-3-4-5-1.

1. Import data

Select "Load raw Burris data..." from the File menu. Open Test1.txt in the test_data/
synthetic directory. Loop 0 is created.

In this synthetic example, there is only a single "observation" at each station.
Therefore, the plots on the data tab show only a single point instead of a time series.
Each station name can be selected in the tree view to show the associated data on
the Data tab.

Note that the "Update adjustment" status indicator in the bottom right is highlighted,
indicating the adjustment have not yet been performed:

Update adjustment: .

2. Apply drift correction

Switch to the Drift tab by clicking "Drift". GSadjust displays a time series of the drift,
with one line per station, starting at O for each station (see Dirift tab for details).

In this example, drift is initially negative, as indicated by downward-sloping lines, but
gradually becomes positive, as indicated by upward-sloping lines.

Four options are available for drift correction. The "None" and "Network adjustment”
options do not change the plot. Selecting the "Roman" option updates the plot

with vertical dashed lines to show the delta-g's, and a new table is shown in the
bottom right with the average delta-g's. The "Continuous model" option displays an
additional plot that shows the drift rate over time.

For now, proceed with the "Continuous model" option. Select "1st order polynomial”
for the drift model type and "Constant" for the behavior at start/end.

3. Populate delta table

Switch to the Network Adjustment tab. From the Adjustment menu, select "Populate
delta table - all surveys" (because there is only one survey and one loop, the other
Populate... options will have the same effect). The delta-g's from the Drift tab are
copied to the table on the Network Adjustment tab.

4. Add datum observation
23


http://go.usa.gov/xqBnQ

For this simple example, there are no absolute-gravity observations. Instead, an
arbitrary datum is applied to one of the stations.

From the Adjustment menu, select "Add datum observation..." A dialog appears with
a drop-down list of stations:

n Input Di... ? X

Datum station:

tal v

Select "OK" to select the default, sta1 (any other station is also acceptable, but will
produce different results).

An arbitrary gravity value and standard deviation, 50,000 +/- 5 pGal, is applied to
sta1 and shown in the datum observations table. This value can be changed by
double-clicking it in the datum observations table, as can the standard deviation,
measurement height, and gradient. The datum date is an arbitrary string and has no
effect on the results.

5. Perform adjustment

From the adjustment menu, select "Adjust current survey" (because there is only one
survey, "Adjust all surveys" will have the same effect). Alternatively, click the button
on the tree view toolbar, or use the keyboard shortcut Ctrl+2. The adjustment will
proceed using the default Numpy method.

Adjustment results (a single, best-fit gravity value at each station) are shown in the
adjusted station values table at the upper right. Adjustment statistics are shown in
the table at the lower right. Note that the Chi-test was accepted, and the a posteriori
standard deviation is near one. These indicate the adjustment was acceptable. The
a posteriori standard deviation less than one indicates that the estimated standard
deviation of the observations was higher than the adjustment results indicate. The
delta-g standard deviations can be automatically scaled using the "Scale std. dev.
from results" menu command or the corresponding button on the Tree view toolbar.
After doing so the "SD for adj." value shown on the delta-g table is lowered to 2.7
pGal, and the standard deviation a posteriori is 1.0

Note that the "Update adjustment" status indicator in the bottom right is no longer
highlighted.

For this simple example, the tools for evaluating results are limited. A histogram of
delta-g residuals ("Plot residual histogram", or Ctrl-H) is uninformative owing to the
small number of observations. Because there is only one datum observation, the
adjusted value matches the observed value exactly and the "Plot adjusted datum vs.
measured" plots only a single value of zero.

24
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6. Export results

From the Tools menu, select "Write tabular data". A comma-separated value (.csv)
file with the filename "GSadjust_TabularData_..." followed by the date is written

to disk with the values shown in the adjusted station values table. Optionally, the
results table can be highlighted by clicking in the upper-leftmost cell, then right-
clicking and selecting Copy to clipboard. Data can be pasted into Excel or a text file.

From the Tools menu, select "Write metadata text". A text file (.txt) with the filename
"GSadjust_MetadataText_..." is written to disk with a narrative summary of the
adjustment. This text can be used in a metadata file.

From the Tools menu, select "Write adjustment summary". A text file (.txt) with

the filename "GSadjust_Summary_..." is written to disk showing the observations
used in the adjustment and the results of the adjustment. This file includes all of the
information necessary to re-create the adjustment results.

7. Save the workspace

To facilitate future re-processing or evaluation, the workspace should be saved by
selecting "Save workspace as..." from the File menu. A file save dialog is shown;
save with an appropriate filename. A ".gsa" extension is added if not specified. The
workspace is written to file in JSON format. This file can be re-loaded into GSadjust
using the "Open workspace..." command on the File menu. It should not be edited
outside of GSadjust.
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Complete example

This real-world dataset includes 38 stations and 8 absolute-gravity measurements. Two
surveys were carried out, each with two relative-gravity meters.

Two saved workspaces are provided. The file gsadjust\test data\field\Burris
\complete_workspace1.gsa is worked through step 4 below (Earth tide correction). The file
gsadjust\test_data\field\Burris\complete workspace2.gsa is worked through step 7 below.
These files can be loaded to skip ahead in the tutorial.

1. Import relative-gravity data

First, load data from the first meter (serial number B44) used on the first survey.
Select "Load raw Burris data..." from the File menu. Open B44 2017-12-05.txt in
the test_data/field/Burris directory. Survey 2017-12-05 and Loop 0 are created and
selected.

In this real-world example, each station occupation consists of several samples.
The gravity time series (and feedback, tilt correction, and Earth tide correction time
series) are shown in the table and plots on the Data tab. The respective data for
each station can be shown by selecting the station in the left-side tree view.

Next, load data from the second meter (B108) used on the first survey. Select
"Append loop to current survey..." from the File menu. Open B108_2017-12-05.txt
in the test_data/field/Burris directory. A dialog appears to select the meter type;
choose "Burris". Loop 1 is created but not selected. Double-clicking "1" will update
the contents of the Drift tab.

MName Date g (pGal)
v ] 2017-12-05

Mo E Double-click here to

W 1
37 (1) 200 select Loop .1

rg57 (1) 2017-12-0516:22:16 26812034 = 1.4
M ra34 (M 2017-12-05 16:37:38 2683273.4 + 3.3

Load the data from the second survey in a similar manner. First, add the data from
meter B44 (B44_2018-02-27 .txt) using "Append survey to campaign...". A dialog
appears to select the meter type; choose "Burris". Survey 2018-02-27 and Loop 0
are created but not selected (you may need to click the "expand" arrow next to the
survey name to show the loops). Double-click Survey 2018-02-27 to select it.
Finally, append the data from meter B108 (B108_2018-02-27.txt) using "Append loop
to current survey...". A dialog appears to select the meter type; choose "Burris". Loop
1 is created but not selected.
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The samples collected at each station occupation are displayed on the table and
plots on the Data tab:

For now, don't worry about which samples are included at each station (controlled by
the check boxes in the table). These can be fine-tuned after successful adjustment
results are obtained.

2. Edit data

Two items need correcting in the raw data before loading: two stations were
collected on the wrong dial setting, and one station must be duplicated so it can be
included in two different loops.

The stations collected with the wrong dial setting are obvious from the drift plot. With
the Drift tab displayed, double click 2018-02-27 Loop 1 to select it (data from meter
B108). Note in the drift plot the very large step in the drift:

Survey 2018-02-27, Loop 1

100000 A

80000 4

60000 4

40000

Change in gravity since initial
station occupation, in microGal

20000 4

T T T T T T T
14:24 19:12 00:00 04:48 09:36 14:24 19:12 00:00
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This is caused by an incorrect dial setting for the first two stations. Its also apparent
by the large difference in gravity for the first two occupations at rg37 and rg26 in the
data tree view:

v1

irg37 (1) | 2018-02-27 15:46:13 2582098.9 + 2.3
rg26 (1) 2012-02-27 15:58:12 2581688.9 = 3.8
rg37(2) 2012-02-27 16:06:10 2679777.6 = 1.8
rg26 (2) 2018-02-27 16:14:08 2679363.4 £ 2.3
rg37 (3) 2018-02-27 16:23:49 2679775.5 + 3.0
rg57 (1) 2018-02-27 16:38:03 2680191.2 + 1.4
rg34 (1) 2018-02-27 16:52:12 2682268.4 + 3.2

IRIRIRIRIRIRIE]

In this case, these first two station occupations should be deleted. Select them (with
rg37 highlighted, hold down the shift key and click rg26) and right-click to bring up
the context menu. Select Delete station(s). The drift plot is updated.

Now, on the updated drift plot, note the single occupation at station rg26 in the

center of the survey, at about 8:00 (click on the orange line to show the station):
Survey 2018-02-27, Loop 1

L

rg26

|
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Change in gravity since initial
station occupation, in microGal
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This happens in the common situation when the last station of the day is observed
as the first station the following day. Station rg26 was occupied last on 2018-02-27,
and first on 2018-02-28. The point on the plot represents the average time midway
between these occupations. To see this, display the Data tab and select the rg26
occupation at 7:57:

I VM ) D IUTWETL L L U LU TIULT L LW
rgd3 (2} 2018-02-27 22:00:11 2630940.6 = 1.8

| 2018-02-28 07:57:57 2679361.1+ 2.7

rg32 (1) 2018-02-28 17:43:27 2680086.2 + 1.6
A ra?f (A1 2018-07-78 17:51:50 7A79352.0 + 2.9

First, we'll duplicate rg26 by right-clicking and selecting Duplicate station. Now there
are two identical rg26 occupations in the data tree view:
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rgd3 (2]
rg26 (5]

KRR E]

Select the first one, "rg26 (5)". With the Data tab displayed, select (by shift-clicking)

2018-02-27 22:00:11 26800406 + 1.8
2018-02-28 07:57:57 26793611+ 2.7

all of the samples on 2018-02-28:

rg26 (5.1) 2018-02-28 07:57:57 26793611+ 2.7
rg32 (1) 2018-02-28 17:43:27 2680086.2 £ 1.6

Station Oper Date g (ngal) check selected | uncheck selected | &

rg26 cde B108 2018-02-27 22:2... 2679357.0 275
check all uncheck all
rg26 cde B108 2018-02-27 22:2... 2679367.0 275
rg26 cde B108 2018-02-27 22:2... 2679366.0 275 ﬁ 6 9 + Q ‘2_
rg2f cde B108 2018-02-27 22:2... 2679360.0 275
rg26 cde B108 2018-02-27 22:2... 2679363.0 275
rg26 cde B108 2018-02-27 22:2... 2679365.0 275
rg26 cde B108 2018-02-27 22:2... 2679361.0 275 +2.6793e
rg26 cde B108 2018-02-27 22:2... 2679360.0 275
cde B108 2018-02-28 17:3... 2679359.0 275 5 1
cde B108 2018-02-28 17:3... 2679359.0 275 “
cde B108 2018-02-28 17:3... 2679359.0 275 1
cde B108 2018-02-28 17:3... 2679361.0 275 g 6 4
cde B108 2018-02-28 17:3... 2679361.0 275
cde B108 2018-02-28 17:3... 2679359.0 275 60
rg26 cde B108 2018-02-28 17:3... 2679360.0 275
: cde B108 2018-02-28 17:3... 2679360.0 275 % 7

Next, click the "uncheck selected" button at right. The plot and mean gravity value
are updated. In this example, the two occupations have very similar gravity values
but that is not always the case. Repeat with the "rg25 (5.1)" occupation, unchecking
the samples from 2018-02-27. The contents of the tree view are updated to reflect
the checked samples:

bl rgd3 (2) 2018-02-27 22:00:11 26800406 + 1.8
rg26 (5] 2018-02-27 22:21:01 26793624 + 3.2
rgl6 (5.1) 2018-02-28 17:34:57 2679359.9 + 0.8
rg32 (1) 2018-02-28 17:43:27 2680086.2 £ 1.6

Now, on the Drift tab, the central point has been replaced by two points on
2017-02-27 and 2018-02-28.

3. Organize data

Next, each loop needs to be subdivided into smaller loops. Viewing the Drift tab
shows a long gap in the data for each of the surveys (double-click the loop name to
show drift for that loop).

For example, Survey 2017-12-05 Loop 0 shows two groups of data separated by an
overnight period without data:
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Survey 2017-12-05, Loop 0
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Because these two periods, representing two consecutive days of field work, have
unique drift behavior, they should be divided into separate loops (a loop denotes

the group of stations for which a single drift correction is applied). The loops can

be separated in one of two ways. Generally the easiest is to apply a time-based
threshold, by which gaps in data greater than a specified value are moved to a new
loop. Do this using the "Divide selected loop..." option on the Edit menu. A dialog is
shown where the time threshold can be specified; the default value of 8 hours works
well to divide surveys on successive days.

After clicking OK in the threshold dialog, a new loop (Loop 2) is created under the
2017-12-05 survey. Select each loop in the 2017-12-05 survey (by double-clicking
the loop name) with the Drift tab visible to see how the new loops were created

An alternate way to divide loops is to select the stations in the tree view (by shift-
clicking or dragging across a group of stations) to be moved to a new loop and
selecting the "Move station(s) to new loop" command on the right--click context
menu.

Divide all of the remaining loops using the same time-based threshold. Before
dividing, each loop must be selected by double-clicking the loop name.

4. Update tide correction

Although the Burris relative-gravity meter (and Scintrex meters) apply a tide
correction, for this study the Agnew model provides a more accurate correction. To
update the tide corrections, from the Edit menu select Tide correction, then choose
the "Agnew" option. A dialog is displayed to enter coordinates:
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B8 survey coordinates 7 >

Latitude |35, 14159 |
longitude  |-106.66911 |
Elevation l1614.0 |

The dialog is pre-populated with the mean latitude and mean longitude of the
observations. After selecting OK, the meter-supplied tide correction is removed and
the new tide correction applied. To revert to the meter-supplied tide correction, select
Tide correction from the Edit menu, then "Meter-supplied".

Note that the Agnew tide correction is reported to 0.1 yGal, compared to the Burris
internal tide correction which is reported to 1 yGal.

5. Apply drift correction

Next, click on the Drift tab. The plot title should show Survey 2017-12-05, Loop 0. If
a different survey is shown, double-click "0" under the 2017-12-05 survey to select
Loop O:

The drift plot shows a short period of positive drift (upward-sloping lines) followed by
generally negative drift (downward-sloping lines). This change in drift rate is visible
when when the "Continuous model" drift correction method is selected:

40 %

20 ~

04 .

Drift rate,
in microGal/hr

=20 A . . L

T T T T T T T T T
15:50 16:19 16:48 17:16 17:45 18:14 18:43 19:12 19:40

For now, select the Roman drift correction method. The plot is updated with vertical
dashed lines to indicate how the gravity differences (delta-g's) are calculated.

The Roman method is a good all-purpose method that accommodates periods of
inconsistent drift.

Also apply the Roman drift correction method to the remaining loops by double-
clicking each loop in turn and selecting the Roman method.

6. Populate delta table

Next, show the Network Adjustment tab, which should be empty. First we want to
copy the gravity differences (delta-g's) from the Drift tab to the Network Adjustment
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tab. When the delta-g's are copied, they retain their link to the data in the tree
view, but not to the delta-g's on the Drift tab. That is, if the gravity value at a station
occupation changes (for example, if samples are unchecked on the Data tab), the
delta-g(s) that include those stations are automatically updated on the Network
Adjustment tab. Any changes on the Drift tab (for example, changing the drift
correction method) are not reflected on the Network Adjustment tab until the delta
table is updated.

To populate the delta table for all surveys, select the "Populate delta table - all
surveys" command on the Adjustment menu. Later, when iteratively updating the
observations used in the adjustment (for example, testing a single loop), the other
"Populate delta table" commands are useful.

7. Import datum observations

The datum observations can be absolute-gravity measurements stored in
*.project.txt files generated by 'g' software used with Micro-g Lacoste absolute-
gravity meters. First, make sure the 2017-12-05 survey is selected (if not, double-
click on it to select). Select "Import abs. g from project files..." from the Adjustment
menu. In the dialog, navigate to the gsadjust\test_data\field\absolute directory. Click
the "Load" button at bottom left. The relevant details from the .project.txt files in the
absolute directory are shown:

B select directory with Abs. g files (.project.bt) ? *
Mame - Station Date ’ q St dev. Tirme (UTC) Meaz, height
h sgp-gaadjust 1 [ rg26 120172017 ATHIGTSTS. 115 1714511 100,00
tests
v [} test dte 7 B rgsT 121727 9791584087 127 17:54:49 100,00
synthetic 5 [ rg37 127172017 aTH1GTIET.0 238 15:44:09 100,00
- field
CG-6 3 B4 rg3s6 124172017 9741977266 3.03 162015 100.00
£6-3 6 [ rga7 2/26/2018 9THISTIET0 668 224604 100.00
Burris
Absoiute 4 rg3 2/26/2018 aTH19TTIE 6.23 23313 100.00
review 2 [ rg26 2/2772008 aT9157580.5 27 00:17:37 100.00
geadjust
docs a O rg57 2/28/2018 9791384084 539 21:30:44 100,00
w < >
Load Cancel Impaort

Sort by Date (click on the column header), then check the 4 observations from
2017-12-01. Click import and the observations will appear on the datum table.

Select the 2018-02-28 survey and import the absolute-gravity observations from
February 2018.
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Shortcut: The saved workspace complete_example2.gsa is saved at this point.

8. Perform adjustment

Now, sufficient data are present to perform the network adjustment. Network graphs
can be viewed in circular or map-view layout using the two commands on the Tools

menu:

Tools menu > Network graph - circular Tools menu > Network graph - map view

A Figure 1 - o X % Figure 1 - o x

A4 € Q=¥ B A €> Q= B

jie =]

rgso

In the network graphs datum (or absolute-gravity) stations are shown as black
triangles and relative-only stations are shown as red circles.

To perform the network adjustment, select "Adjust all surveys" from the Adjustment

menu, or click the corresponding button on the tree-view toolbar: ¥ The Adjusted
station values and Least-squares statistics tables on the Network Adjustment tab will
update. These tables are unique to each Survey; by changing the selected survey
(double-clicking in the tree view) the tables will update.

View the adjustment residuals using the "Plot residual histogram command" on the
Adjustment menu (close the network graph window first if it is still open):
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9. Change adjustment options

Although the network adjustment was successful and results were obtained, note in
the statistics window (bottom right) that the Chi-test was rejected for both surveys
and the "SD a posteriori" statistic is greater than 1, meaning that the uncertainty
(standard deviation) of the input observations was underestimated (that is, the
observations don't fit together as well as the measurement uncertainty suggests).
Several steps can improve the results:

First, note that the standard deviation of many of the delta-g's is very low (sort the
Relative-gravity differences table by clicking on the "Residual" column heading). The
standard deviation will be zero when using the Roman drift correction method if only
one delta-g exists between a particular station pair. Low standard deviations cause
these measurements to be matched nearly exactly (residuals are close to zero),
while measurements with high standard deviation are weighted much less.

When surveying with relative-gravity meters, there is a practical lower limit on

how accurately delta-g's can be observed. The delta-g uncertainty includes the
uncertainty from both station occupations, uncertainty from the drift corrections,

and uncertainty from unaccounted tares. A minimum lower limit for delta-g standard
deviation can be specified in the Adjustment options dialog on the Adjustment menu:
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B8 network adjustment options 7 X

[ ] standard devistion multipliers pre-minimum |1.oo:m |
[ ] standard deviation muttiplier: post-minimum |1.o:>:)::| |
[ ] Add to standard deviation: pre-minimum |0.0 |
[]; Minimum standard deviation: 20 |

|:| Calculste relative meter calibration coefficient
|:| Specify calibration coefficient

Meter Calibration factor
1 B4 1.0
2 B108 1.0
Significance level for ghobal model test 0.0
Restore defaults| | Apphy to current survey (2017-12-05) | | Apply to all surveys Cancel

Check the box next to "Minimum standard deviation", keep the default value of 3.0,
and click "Apply to all surveys". Now in the Relative-gravity differences table the
"SD for adj." column shows the larger of 3 or the uncertainty determined from the
drift adjustment. Note that the input data for the adjustment has changed and the
adjustment results are now outdated, as shown by the status indicator in the bottom
right:

Update adjustment: .

Repeat the adjustment ( P ) to update results and clear the status indicator.
10. Update drift correction

After the adjustment the Chi-test was still rejected for the 2017-12-05 survey, but
accepted for the 2018-02-27 survey. While viewing the 2017-12-05 survey on the
network adjustment tab, note that several of the residuals are fairly large: less than
-10 or greater than 10. Sorting the Relative-gravity differences table by Loop shows

that most of the large residuals are associated with Loop 2. Double-click on loop 2 to

select it and display the Drift tab:
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Survey 2017-12-05, Loop 2
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Note the two long segments (red and grey) that stretch across nearly the entire
survey, corresponding to stations rg30 and rg26 (click the line to show the

station name at the top left of the plot). Using the Roman method, relative-gravity
differences are calculated between these two stations and nearly every other station,
with the drift rate interpolated over the 5+ hour period between repeat occupations.
Based on repeat occupations at the other stations, it appears during this 5+ hour
period there was only a short period of high drift (around 17:30 to 18:00), or possibly
a tare, and much lower drift during the remainder of the period.

To remove this spurious drift estimate, a maximum time threshold between stations
can be specified by checking the box to the right:

Max. time between repeats (hh:mm) |:I|2:I:|I:l S |

Now, any station occupations separated by the specified threshold will be ignored in
the drift calculation (for either the Roman or Continuous drift-correction options).

The delta-g's on the Network Adjustment tab are automatically updated.

Repeat the adjustment ( P ) to update results and clear the status indicator. Now
the Chi-test is accepted for both surveys and the SD a posteriori statistic is close to
1, indicating the standard deviation estimated from the observations is close to the
standard deviation estimated by the network adjustment.

12. Fine-tune the individual station values

Next, the estimate of the average gravity reading at each station occupation can
be improved by deactivating samples as needed. With the Data tab displayed. go
through each station in the left-hand tree view and deselect samples as needed by
unchecking them in the table on the Data tab. For example, with the Burris meter
often the first 1 or 2 readings appear to be outliers:
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As samples are checked or unchecked, changing the mean gravity value, the
gravity differences on the Drift tab and the Network adjustment tab are updated
automatically. However, the network is not automatically re-adjusted.

After improving the estimate of mean gravity at all of the stations, repeat the

adjustment for all surveys ( 4 )- You can also experiment with changing the drift
correction method or adjustment options.

13. Update adjustment results

Once final station values are determined, appropriate drift corrections made for
each loop, and an initial adjustment performed, the standard deviations should be
scaled so that the standard deviation a posteriori statistic is close to one. This can
be accomplished by the "Scale std. dev. from results" command on the Adjustment

menu, or the button on the Tree View toolbar. This scales the standard deviation
of each delta-g ("SD for adj." column in the relative-gravity differences table). See
the network adjustment options page for more information about how the scaling is
applied.

14. Calculate gravity change over time

If more than one survey exists, the change in gravity over time can be calculated
with the Compute gravity change command on the Tools menu. This shows a table
of gravity change over time in the first n-1 columns, and cumulative change in gravity
since the first survey in the next n-1 columns (where n is the number of surveys). If a
station is not present in a survey the null value -999 is shown.
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Three options are available for further analysis. First, a time-series of gravity change
relative to the first observation at each station can be shown by clicking the Plot
button in the gravity change table. Second, if station coordinates are available, a
map view of gravity change can be shown by clicking the Map button. Finally, a more
complete table of results which includes gravity values, uncertainties, coordinates,
and gravity change converted to meters of water using the 1-d horizontal-infinite slab
approximation (41.9 uGal = 1 m of free-standing water) can be shown by clicking the
Show full table button.

15. Export results

Finally, results can be exported in several ways:
1) The adjusted station values on the network adjustment tab can be
highlighted (clicking the upper left corner highlights all cells), copied by right-
clicking on the table, and pasted into Excel or a text file as tab-delimited
data. Similarly, results can be copied and pasted from the gravity change
table.
2) Adjusted station values can be exported to a comma-delimited text file
using Write tabular data on the Tools menu.
3) A narrative summary of the adjustment, including statistics and the
number of observations, can be written to a text file using Write metadata
text on the Tools command. The resultant text is suitable for describing
the data-processing steps in a metadata file to accompany the adjustment
results.
4) A complete list of all data used in the adjustment can be written to a text
file using Write adjustment summary on the Tools menu.
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Data sets included with GSadjust

Several example data sets, both synthetic data and real-world field data, are included with
GSadjust. The synthetic data are generated from known station gravity values with random
noise, drift, and calibration error added. These data are useful for testing whether different
processing methods are capable of recovering the known station gravity values. The field
data were collected using different relative and absolute gravity meters. The "true" station
gravity values are unknown.

Synthetic data

Five synthetic datasets are provided with GSadjust in the sgp-gsadjust\test_data\synthetic
directory. These test datasets include a range of drift types, number of relative-gravity
meters, calibration errors, and survey designs. The details of each are shown in the

table below. Random error is applied to the synthetic data, which can be used to test
whether GSadjust recovers the known station gravity values through network adjustment.
The parameters defining these datasets (drift rate, calibration error, observation error)

can be modified in the Excel file GSadjust_TestData.xIsx, and the GSadjust input data
regenerated. For example, two test datasets could be generated for an expected level of

relative-gravity meter precision, and evaluated as to whether the adjustment can resolve the
simulated gravity change. Additional test datasets (for example, with tide error) could also be

generated from the examples provided.

The synthetic data are simulated as one sample per station. Therefore, when viewed in
GSadjust the plots on the Data tab will only show a single point rather than a time series.

Test case one is used in the simple example.

Number of relative-

Test case Drift gravity meters Calibration error Survey type
1 None 1 no Loop
2 Linear 1 no Loop
3 Linear 1 yes Loop
4 Linear 2 yes Loop
5 Nonlinear 1 yes Dense-network
Field data

Field data are provided from ZLS Corporation Burris relative-gravity meters and from
Scintrex CG-5 and CG-5 relative-gravity meters.

Burris data
These data were collected using two ZLS Corporation Burris meters. Two surveys were

carried out, one in December 2017 and one in February 2018. The coordinates have
been changed randomly by about 0.15 degree, so if the tide model is updated it will not
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correspond to the exact study area. There is corresponding absolute-gravity data for this
data in the field\Absolute directory. These data are used in the complete example.

Scintrex CG-5 data

These data were distributed with the original release of PyGrav (Hector and Hinderer, 2016).
Absolute data

These data were collected using a Micro-g Lacoste, Inc. A-10 absolute-gravity meter.

Data were collected in conjunction with the relative-gravity data in the Burris directory.

Four stations were occupied with the A-10 during each of the relative-gravity surveys. The

gradient was measured at each station and is used to transfer the gravity value from the
A-10 measurement height (about 71 cm) to the land surface.
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3. Data tab

The data tab provides functions for viewing samples at each station occupation and tools for
selecting/deselecting samples based on quality criteria.
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Status bar Gz

Data Tree View
The Data Tree View shows the hierarchical structure of the data set, and is common
to all tabs.

Data Table
o » The Data Table shows all of the samples for a particular station occupation.
The columns vary depending on the meter type:

Burris Scintrex

Station name Station

Operator Gravity (9)

Meter number Standard deviation
Date/time Tilt x

Gravity () Tilty

Dial setting Temp

Feedback Duration

Tide correction Rejected

Elevation Elapsed time
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Latitude Date/time
Longitude

Data Plot Window
The Data Plot window shows graphically the gravity value and accompanying data
for a particular station occupation. For the Burris meter, the plots shown are gravity,
feedback, tilt correction, and Earth tide correction. For the Scintrex meter, the plots
shows are gravity, Tilt X, Tilt Y, and standard deviation.

On the gravity plot, if the y-axis range exceeds 20 pGal, the axis is shown in red.
Otherwise the y-axis range is 20 yGal and the axis is shown in black.

o check selected

chedk selected

Rows in the Data Table can be selected using the mouse; multiple rows can be
selected by holding down the shift or control keys. If unchecked rows are selected,
this button checks them.

o check all
chedk all

Checks all rows in the Data Table.

o uncheck selected

uncheck selected

Rows in the Data Table can be selected using the mouse; multiple rows can be
selected by holding down the shift or control keys. If checked rows are selected, this
button unchecks them.

uncheck all

uncheck all

Unchecks all rows in the Data Table.
o auto uncheck |tilt| >
auto unchedk [tilt] =

Unchecks observations with abs(tilt) (X or Y) greater than the specified value. Used
only for Scintrex data.
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o auto uncheck SD >

auto unchedk 50 =

Unchecks observations with standard deviations greater than the specified value.
Used only for Scintrex data.

0 auto uncheck g >

:I auto uncheck g =

Unchecks observations with g values that differ from the mean by more than the
specified value.

o auto uncheck dur >

:I auto unchedk dur =

Unchecks observations with durations longer than the specified value. Used only for
Scintrex data.

apply all filters
pply

:I apply all filters

Applies any thresholds for tilt, g, standard deviation, or duration to all samples of the
current station occupation.

apply all filters to all data

| |apply all fiters to all

Applies any thresholds for tilt, g, standard deviation, or duration to all stations in the
Campaign.

WARNING: This can be very slow for large datasets.

0 Plotting toolbar
A€ PQE=X A

This is the standard Matplotlib (plotting utility for Python) tool bar. More info is under
the Plot toolbar heading.

@ Status bar

The status bar at the bottom of the window shows messages about the current
processing status.
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Loading data

Burris or Scintrex data can be loaded with the respective "Load raw..." menu commands
on the File menu (see Data Formats for details on each file type.). These open a standard
file open dialog, allowing the user to select a file. The file to be opened is the raw data file
output by the gravity meter software.

For both meter types, the corrected gravity reading and the tide correction are read from the
input file. If a different tide correction is applied, the meter tide correction is removed from
the corrected gravity reading and the new correction applied.

In a campaign (workspace) with existing data, surveys can also be created by appending a
data file to create a new survey.
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Data Formats

GSadjust can import data exported by ZLS (Burris) and Scintrex (CG-3, CG-5, CG-6)
relative-gravity meters. Data from each of these meters is written in a space delimited text
format.

When a data file is initially loaded, the appropriate menu option should be selected ("Load
raw CG-3/CG-5 data", "Load CG-6 data", or "Load raw Burris data"). If additional data are
loaded using the "Append survey to campaign" or "Append loop to survey" menu options, a
dialog will be shown allowing the user to specify the data format.

ZLS (Burris)

Burris data is a space- or comma-delimited output file from the ZPARSE.exe program run on
a Windows computer (if using the Palm field computer), or output from UltraGrav2 software
(if using the Android field computer). The file read by GSadjust is the "single mode data" file.

The Burris file may be hand-edited to, for example, remove data from previous surveys.
Care should be taken if the file is edited in Excel, which will typically result in a change in the
date format (from YYYY-MM-DD to MM/DD/YYYY). The date format must be changed back
to the original format if this is the case.

Scintrex (CG-3 and CG-5)

Scintrex data files are space delimited. The Scintrex file will typically have a header with
information such as the meter operator and the serial number.

Scintrex (CG-6)

Scintrex CG-6 data can be logged internally in a format similar to CG-3/CG-5 data, or logged
to a handheld field computer in Tsoft format. There is a specific menu import command for
each format.

Ccsv

In addition to the meter-specific formats described above, generic data can be imported from
a comma-delimited file. The columns must be in the following order:

STATION, LAT, LON, ALT, GRAV, SD, TILTX, TILTY, TEMP, TIDE, DUR, REJ, TIME,
DEC.TIME, TERRAIN, DATE

Absolute gravity data

Absolute gravity data can be imported from text files or directly from the *.project.ixt files
written by the 'g' processing software used by Micro-g Lacoste, Inc. gravity meters.
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Creating loops

Loops in GSadjust (the group of stations for which a single drift correction is applied) are
created after a file is loaded. Alternatively, in a campaign (workspace) with existing data
loops can be appended from individual data files using the "Append loop to current survey..."
command on the File menu.

Loops can be created based on a time-based threshold or by selecting the stations to move
to a new loop. To use a time-based threshold, use the "Divide selected loop..." command on
the Edit menu. A dialog appears where one can specify the time threshold:

B specify elaps...  ? X

Elapsed time 08:00| =

l Cancel ok

If there is a gap between stations longer than the elapsed time specified, the data before the
gap will retain the original loop name and data after the gap will be put in a new loop. If there
are multiple gaps longer than the threshold (for example, if data were collected over several

days with gaps each night) multiple loops will be created.

To create a new loop within the current Survey from selected stations, select the first station,
hold down shift, then select the last station. Then, right click to show the Data Tree View
Popup menu, and select Move stations to new loop. A new loop is created.
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rg2f (3} 2017-12-05 17:42:27 2769289.2 + 1.1

Rename
Delete survey

Delete loop
Loop properties...
Nrite vertical gradient file...

Animate locop

Delete station(s)

Duplicate station

6+ 1.7
1+14
5+ 2.8
1+ 3.1
6+ 1.0
d+ 0.9
8+ 25
i+ 1.3
4+ 1.6
4+ 0.9
a+ 2.2
0+ 1.7
2+ 1.2

7+ 1.3

.r
i
I
I
I
I
I
I
I
I
I
I
I
rJ

Maowve sla‘tﬁm to new loop
LA

L

rgf0 (2) 2017-12-05 1%34:55 2773383.3 £ 2.1
rg33 (3} 2017-12-05 1%:41:22 2770506.6 = 0.6
rgd7 (2} 2017-12-05 19:48:39 2772394.5 + 2.1
rg37 (1}  2017-12-05 195956 2770128.8 + 2.0

rg37 (1) 2017-12-05 1&:11:33 2680728.7 + 1.9
rg37 (1) 2017-12-05 1&:22:16 26812054 + 1.4
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Duplicate stations

If the same station is occupied as the last station on one day, and the first station the
following day, all of the samples are grouped into a single station occupation. This results in
a station with an assigned time midway between the two individual setups, and an averaged
g value. To more accurately represent the survey, the occupation should be duplicated (by
selecting it and using the right-click context menu). Then, the original occupation (observed
first) should have all of the samples collected on the second day unchecked in the Data
Table, and the duplicate station should have all of the samples collected on the first day
unchecked. This should be done prior to using the "Divide selected loop into subloops..."
command.
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Appending data

After a data have been loaded, either by importing data or loading a previously saved
workspace, additional data can be appended. This is useful for ongoing projects where
intermediate analysis takes place before data collection is complete; as additional data are
collected they can be appended as a new loop or survey.

There are three append options on the File menu: either a new loop can be appended to
the currently selected survey, a new survey can be appended to the campaign, or an entire
workspace saved from a previous GSadjust session can be appended. The first option is
useful primarily for adding a new day's data for a survey currently in progress. The second
option is useful primarily for appending data after a repeat gravity survey has been carried

out. After appending a new survey to a campaign, data can be separated into loops as
needed.
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Selecting data

Data are selected or deselected using checkboxes. In the Data tree view, surveys, loops,
or stations may be selected or deselected. In the station table, individual samples may
be selected or deselected. By default, all of the samples, stations, loops, and surveys are
selected after importing.

Individual samples at a station occupation may also be selected/deselected using the criteria
described on the Data tab page.

Data plots

In the station data view, the currently selected samples are shown with blue markers.
Deselected samples are shown with black markers. The mean value of the selected data is
shown as a horizontal solid blue line.

On the Gravity plot only, the y-axis color is changed to red if the range is larger than uGal.
Otherwise, the range is 20 uyGal and the axis is shown in black.

+2.7694€6 Gravity

75.0 4
Deselected data o
Selected data e—-___ !
— D675
Mean value o— —— 6257

60.0

T T T T
16:26:41 16:26:58 16:27:15 16:27:33

o Deselected data

Data are deselected by unchecking the text box in the Station table. Deselected
data are shown in black.

e Selected data

Data are selected by default. Selected (checked) data are shown in blue.
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Mean value

The mean (average) of the selected data is shown as a horizontal solid blue line.
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Plot toolbar

This is the standard Matplotlib (plotting utility for Python) tool bar.

Home button Forward button  Zoom check Customize button

*s

i
\

M(—-)«i.o. =Y

4 b

Back button Pan check Subplots button Save button

o Home button

Reset original view

o Back button

P €

Back to previous view

e Forward button

Forward to next view

o Pan check
+

Pan axes with left mouse, zoom with right

° Zoom check
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' Q

Zoom to rectangle
o Subplots button
s l
-.-—

Configure subplots

o Customize button

=

Edit curves line and axes parameters

o Save button

~

Save the figure
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4. Drift tab

GSadjust -

§ o X

File Edit Adjustment Tools Help

ANV T PR Data Drift Network Adjustment

Name Date gluGal) ~

v ~1.7""2'”5 Drift correcton method None -
rg37(1) 2017-12-0515:56:51 27696884 20 Survey 2017-12-05, Loop 0 Drift model type None
rg26 (1) 2017-12-05 16:05:02 2769296.0 e
rg36 (1) 2017-12-05 16:10:05 2769433.6

rg26(2) 2017-12-05 16:15:45 2760303.8
rg37(2) 2017-12-05 16:21:34 27697164

(hhimm)  [01:00 *
rg36(2) 2017-12-05 16:27:06 27604638 t observa

2017-12-05 16:31:59 27694919 [ ]

. time

) ertical Ine offse
rg39 (1) 2017-12-05 16:40:46 27694331 10 ine tension 125000
g3 (2) 2017-12-05 16:45:30 27694887
rg36(3) 2017-12-05 16:50:07 2769454.1
rg39(2) 2017-12-0516:56:21 2769428.0 5
rg36 (4) 2017-12-0517:01:50 2769451.1
rg28 (1) 2017-12-05 17:09:48 2769237.0 . Tares
155 (1) 2017-12-0; 2769142.3 © 04
1g28 (2) 2017-12-05 17:22:41 2769233.8 \ \ \./' Date Time Tare (uGal)
[ rg36(5) 2017-12-0517:28:12 27694441
[ 1935 (2) 2017-12-0517:35:57 27691385 ]
[ rg26 (3) 2017-12-0517:42:27 2769289.8
M rg39(3) 2017-12-0517:49:17 2769421.0
=R rg26 (4) 2017-12-0517:55:16 2769288.9 |
[ rg33 (1) 2017-12-0518:03:27 27689740
rgd4 (1) 2017-12-05 18:10:10 27636209

rg33(2) 2017-12-05 1&:17:16 27689685,
rg26 (5) 2017-12-05 18:23:55 2769287.8 151
rgdd (2) 2017-12-0518:30:06 2768614.6
rg50 (1) 2017-12-05 18:39:43 2768078.1

rg53 (1) 2017-12-05 18:51:02 2770508.5 -=20 1
rgs0(2) 2017-12-05 18:5819 27680726,
rg26 (6) 2017-12-05 19:04:56 2769275.1
rg53(2) 2017-12-05 1%:1%:52 2770505.5,
rg70 (1) 2017-12-05 1%:18:58 27733835
rgd7 (1) 2017-12-0518:28:53 27723623
rg70(2) 2017-12-0519:34:55 27733847
= re rg53 (3) 2017-12-0519:41:22 2770507.9
. g4 (2) 2017-12-0519:48:30 2772396.1
2017-12-05 18:59:56 27701303

station occupation, in microGal
I
&

Change in gravity since initial

|
i
)

15:50 16:19 16:48 17:16 17:45 18:14 18:43 19:12 19:40

Relative-gravity differences (delta-g's)

)
~ 1 From To Time Delta-g Drift correction Std dev ~
gun mrwsrem | ge  w weew s o
rg 7-12-06 15:

[ rg15 (1) 2017-12-0615:56:19 27697584 2 (& rg26 1936 2017-12-05 16:0... 157.6 00 Al
& re rg16(2) 2017-12-06 16:01:14 2769694.3
[ 1937 (4)  2017-12-06 16:02:00 2769775.3 3 g3 1926 2017-12-05 16:1... 1498 00 23
rg15(2) 2017-12-06 161552 2769769.0
rg30 (1) 2017-12-06 16:21:18 2769703.9 4 M 1937 AT-12-05 181.. | 4126 00 22
rg28 (1) 2017-12-06 16:26:04 27697683
rg30 (2 2017-12-06 16:30:27 2769710.2 3 M 193 71205162 |-2526 00 30
[ rg15 (3) 2017-12-06 16:3440 27637814 6 g3 03 171205 162, 281 00 50
M rc rg29(2) 2017-12-06 16:39:13 2769793.7
rg37(5) 2017-12-06 16:45:40 2760793.2 7 & 938 1939 2017-12-05 16:3... -58.7 00 23
rgl7(1) 2017-12-
@2701) 200 8 939 g3 2017-12-05 16:4.. 556 00 45
7@ W 9 [ rg3e 936 2017-12:05 164... -3456 00 26

g v

Update delta table: @ Update adjustment: (@)

The drift tab provides functions for plotting drift and applying drift corrections. Four options
exist:

* No drift correction

* Network-adjustment drift correction

* Roman method

* Continuous method

The drift correction method is selected in a dropdown box on the right sight of the drift
window. The plots and tables shown on the drift tab can vary depending on the drift
correction method. For the no correction, network-adjustment , and Roman method options,
a plot of gravity change vs. time at each station is shown. For the continuous method option,
an additional plot of drift observations vs. time is shown. For the no correction, network-
adjustment, and continuous method options, a single table of gravity differences (Delta-

g's) is shown, along with relevant details. Delta-g's are only calculated between successive
stations. For the Roman method option, two tables are shown: one with all possible Delta
g's, and another with average Delta-g's (where more than one Delta-g exists between two
stations).
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Plotting options

Several options exist on the right-hand side of the drift tab for controlling the drift method
used and the appearance of the drift plots. Some of the options (drift model type, behavior at
start/end, show time-extent of drift observation, and spline tension) are only available when
the Continuous method correction is used.

Clicking on a line in the main plot window will show the station name at the top left of the

plot.

Drift correction method o

Drift model type e ™™ Drft correction method None i

] T Drift modl type [ Constant
Behavior at start/end e ————— Behavior at start/end: Extrapolate
[ Max. time between repeats (ht o100 B
Mazx. time between repeats 0__ Shiowr time-extent of drift obs
Show time-extent of drift observation o ) / vertical Ine offset ]
/ Spine tension: 250.

Weight drift observations. a

Vertical line offset

Spline tension

o Drift correction method

Drift correction method None

Drop down box to specify drift correction method: none, network adjustment,

Roman, or continuous. This option is set per survey and can affect the calculated
delta-g values.

Drift model type

Drift model type % Constant

Continuous drift model only: Specify either a polynomial or spline model of

continuous drift. This option is set per survey and can affect the calculated delta-g
values.

Behavior at start/end
Behavior at start/end: Extrapolate

Continuous drift model only: The model only extends to the first and last drift
observation, which is a smaller time-span than the first and last station occupation
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(the drift observation is plotted at the midpoint in time between the two occupations
that comprise the drift observation). The drift model can be extrapolated, or
extended at a constant value. If extrapolated, a straigt line is extended with

the same slope as the drift model; in some cases this can lead to extreme drift
corrections for the first and/or last occupations, and a constant value is preferable.

This option is set per survey and can affect the calculated delta-g values.

Extrapolate:

Drift rate,
in microGal/h:

12:57 13;26 13;55 14;24 14;52 15;21 15;50 16;19 16:48

Constant:

:57 13;26 13;55 14;24 14;52 15;21 15;50 16;19 16:48

-
v}

-
o

Drift rate,
in microGal/hr

|
o o w

Max. time between repeats

[ Max. time between repeats (hf (o100 =

For some surveys, a large amount of time may elapse between repeated station
occupations, and these may not be reliable measurements of drift. This option
allows drift observations to be excluded based on the time between station repeats.
Note: the minimum counter value is 00:10. If the counter is above this, but will not
decrease when the down arrow is clicked, it may be necessary to place the cursor
(by clicking the mouse) on either the hour or minutes field.

This option is set per survey and can affect the calculated delta-g values.

Show time-extent of drift observation

Show time-extent of drift obse
Continuous drift model only: When checked, the lower plot of drift rate vs. time
includes horizontal lines that extend to the time of the two station occupations that
comprise the drift observation. This option can be useful in determining whether drift
observations are useful for determining the drift model (repeated stations with long
elapsed times can be unreliable for estimating drift). This option only affects plotting,
not the delta-g values.

Weight drift observations.

Weight drift observations
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Gravity and time observations are weighted in the drift calculation. Only
implemented for constant drift rate.

If drift rate is insignificant (according to p=0.05 t-test), the drift equation shown when
hovering the mouse over the line in the plot will be shown in in red:

10 4
.
5= i
® @ -11.00 pGaljhr . .
£S5 _19 ° !
6 E s
c ° % N Pl
£ e
—20 1 . ¢
- L ]
T T T T T T
16:19  16:48  17:16  17:45  18:14  18:43

Vertical line offset
Vertical line offset [ |
This slider controls the (arbitrary) vertical offset between lines in the station drift plot.
Varying the slider may be useful to visualize the data, and helps the user
understand the arbitrary nature of the vertical position of each line. This option only
affects plotting, not the delta-g values.

Spline tension

Spline tension: 250.01

Continuous drift model only: When using a spline as the drift model, this slider
controls the spline tension. Greater values, to the right, result in a smoother spline
and possibly a poorer match to the drift observations. Smaller values, to the left,
result in a wavier spline and drift observations are more likely to be matched exactly.

This option is set per-survey and can affect the calculated delta-g values.
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Tares and the tare table

Tares, or offsets, occur when the relative-gravity meter reading "jumps" during a survey; a
tare affects all subsequent observations, but does not affect observations recorded prior to
the tare. Tares may be added using the "Process > Add tare..." menu item, which brings up
the dialog:

B | Specify date, time, an... 7 X

Date [®)/5/2017 4:10PM 3|

Tare (microGal) | |

T

Here, the user may specify a date and magnitude of a tare. The tare value is simply
subtracted (or added, if negative) to all relative-gravity observations within the currently-
active loop that are recorded after the specified time.

The tare table, shown on the Drift tab, shows tares that have been added. More than one
tare can be applied simultaneously, and tares are cumulative. That is, if a 10 yGal tare
occurs one hour into a survey, and a 20 pGal tare two hours into a survey, after two hours a
30 uGal tare will be subtracted from all subsequent observations.

Tares shown in the tare table can be temporarily disabled by unchecking the respective
check box. The delta-g observations shown on the Drift tab are updated immediately.

Tares may also be permanently removed by right-clicking on the tare in the Tare table and
selecting "Delete tare."

Tares
Date Tare (uGal)
kA 2017-12-05 17:56:20 100.0

[

The time at which a tare occurred is shown by a sold vertical line in the drift window:
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Survey 2017-12-05, Loop 1

25 A

—25 4

—50 1

|
|
(%))
1

—100 4

Change in gravity since initial
station occupation, in microGal

—=125 1

—150 1
T T T T T T
15:36 16:48 18:00 19:12 20:24 21:36

Note that the tare only affects delta-g's that span the time of the tare. Repeat observations
that both take place before the tare, or both after the tare, are unaffected.
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Drift correction
Drift correction is a fundamental processing step for relative-gravity meter surveys. Even
when a drift-correction is applied internally in the meter data-collection computer, there may
be a residual nonlinear drift component that requires further correction. Four options for drift
correction exist in GSadjust:

No drift correction
Network-adjustment drift correction
Roman method drift correction
Continuous-model correction
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No drift correction

The "None" drift correction method calculates delta-g's between measured values at
successive stations, without further correction. Although not generally used, the method
may be useful for evaluating the magnitude of the drift correction, relative to the uncorrected
delta-g's. The default standard deviation when using the "None" method is 3.0 uGal (the
standard deviation used in the adjustment can be modified in the Network adjustment
options dialog or edited in the delta table).
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Network-adjustment drift correction

Network-adjustment drift correction includes polynomial coefficients of a time-dependent
function for drift in the network adjustment solution. With this method, a linear model (1st,
2nd, or 3rd order) is fit to the data:

a

D(t) = de(t — 1)

p=1

where D(1) is the cumulative drift at time ¢, (t-p) is elapsed time, dp are the model
coefficients, and a is the degree of the polynomial. The coefficients dp are parameters in the
network adjustment, determined as part of the least-square solution.

Linear drift models can be used with either the network-adjustment drift correction option,

or the continuous model option. When a linear model is suitable, the network-adjustment
drift correction may be preferable, because uncertainty in the drift-model parameters is
propagated into the uncertainty estimate of the final station values. One advantage of the
continuous model, however, is the possibility to extend the drift model as a constant value,
as opposed to extrapolating the linear model, at the beginning and end of the loop (see
"Behavior at start/end" under Plotting options). The suitability of a linear drift model can be
evaluated using the continuous model option, after which the drift method can be changed to
the network-adjustment option before adjusting the network.
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Roman method drift correction

The Roman (1942) method interpolates a gravity value when there is more than one gravity

observation at a station. A total of three station occupations-two at one station, and one at

an additional station-are used to calculate a delta-g sample [ltem (2) below)]. An interpolated

value is calculated for the station with two occupations, and differenced with the measured
value at the other station, to calculate delta-g.

In the window below, delta-g's are shown as vertical dashed line. Each measurement is
shown relative to the first measurement at that station (in other words, if the measured
values were plotted, the solid lines would have a vertical separation equal to the gravity
difference between the stations). For the survey shown, which consists of two complete
loops at three stations, there are a total of 12 delta-g's, shown on the Delta-g sample table

(4).

As part of the Roman method drift correction, the redundant delta-g's (12 obserations are
possible, but only 3 are required to identify a gravity value at each station) are averaged.
The averaging process is a simple form of network adjustment, with equal weight given to
all observations. For surveys and/or campaigns with only a single loop (including vertical
gradients), the values in the Delta-g average table (5) can serve as final results.

Deftag sample Plot options

Plot window o a '\\

\.
\,
\.

w
S

AN T T T Drift correction method Roman (interpolate) ~

> Drift model type None

N
G
/

Behavior at start/end: Extrapolate

[] Max. time between repeats (hh:mm) [01:00 g

Show time-extent of drift observation

N
S

,_.
5

Vertical line offset

Change in gravity since initial
station occupation, in microGal

Spline tension: 1250.00
10+
Deltag sample table 5r 8
| Delta-g average table
0 13:55 14;25 14:‘55 15;25 15;55 16;25 16;55 17;25
/’/”
Gravity differences Average gravity differences '
From To Delta g From To Delta-g Std dev SD for adj. Residual

1 M4 m-2 -8379.3 1 M AMTN M4 6678.7 1.2 1.2 -999.0
2 M4 AMTN -6680.1 2 m-2 AMTN 1698.3 2.1 21 -999.0
3 M4 m-2 -8376.5 3 m-2 M4 83774 13 1.3 -999.0
4 M4 AMTN -6679.5

5 m-2 M4 8376.1

6 m-2 M4 837738

7 m-2 AMTN 1698.4

8 m-2 AMTN 1694.9

9 AMTN M4 66774

10 AMTN m-2 -1700.6

11 AMTN M4 6677.7

12 AMTN m-2 -1699.3

Plot window
The main plot window shows the relative-gravity observations at each station,
relative to the first occupation at that station.
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Delta-g sample

Each vertical dashed line represents a delta-g calculated using the Roman method.

There is a corresponding entry in the Delta-g sample table for each dashed line.

Plot options
See Plotting options

Delta-g sample table

This table displays all of the possible delta-g's calculated using the Roman method.

Delta-g average table
This table displays the average delta-g between any two stations in the Delta-g
sample table. If there is only one delta-g between two stations, it will also be
included in the average table.

Roman, I. (1946). An observational method to overcome zero drift error in field instruments.

Geophysics, 11(4), 466—490. https://doi.org/10.1190/1.1437276

64


http://go.usa.gov/xqBnQ

Continuous-model correction

The continuous-model drift correction treats model drift as a continuous function. The main
advantage over the network-adjustment drift correction is that it allows a non-linear spline
model, which is often the best fit for survey data recorded using a ZLS Inc. Burris relative-
gravity meter (in contrast, Scintrex meters typically have higher, more linear drift rates).

The continuous drift model is developed from repeated station occupations (that is, when

a station is visited more than once, with other stations occupied in between). Each station-
repeat provides one observation of relative-meter drift. Ideally, repeats will occur with
relatively little elapsed time between, over a period when the drift is nearly linear. As the
length of time between station repeats increases, drift is likely to become increasingly
non-linear, and the drift estimate less suitable for forming the continuous drift model. The
elapsed time can be visualized on the continuous-drift plot with the "Show time extent of drift
observation" option under Plotting options.

Successful application of the continuous-model drift correction depends on accurate
observations of gravity-meter drift, which in turn depends on repeat occupations with
minimal elapsed time in between. To accomplish that, it may be necessary to adapt the
survey design. In particular, observing stations in loops (i.e., visiting 5 or 6 stations before
returning to the initial station) may allow too much time to elapse for a representative drift
estimate to be obtained.

Survey 2017-12-05, Loop 0

1. — —— o Plot controls
Drift plot o— — Ep
55 0
40
iz »
Drift rate plot 07 E% 74 Tare table

§= °
" 20

ve

Relative-gravity differences table 07 From
&
& a6

o Drift plot

This plot shows the change in gravity at each station, relative to the initial occupation
at that station. Each line depicts a unique station. Steeper lines (positive or negative)
indicate a larger drift rate. The points that make up each line can be filtered using the "Max.
time between repeats" option. A vertical offset between each line can be added with the
"Vertical line offset" slider control.
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Survey 2017-12-05, Loop O

10 4

o NS L SN

—10

Drift, in microGal
(arbitrary offset)

—20

T T T T T T T T T
15:50 16:19 16:48 17:16 17:45 18:14 18:43 19:12 19:40

Drift rate plot

This plot shows the drift rate, calculated each time a station is repeated. Each point in this plot
represents the slope (i.e., the drift rate) of the line directly above in the drift plot.

40
o
:u"ft 20 4
£ 4] .
DE ) . .
—20 1 * . —t . .
o o

15:50 16:1%9 16:48 17:16 17:45 18:14 18:43 19:12 19:40

Relative-gravity differences table

Relative-gravity differences (delta-g's)

From T Time Delta-g Drift corr. Std. dev.
137 126 2017-12-05..  -4109 85 39
1926 136 2017-12-05... 1539 37 31
136 1926 2017-12-05...  -1335 30 22
1926 1g37 2017-12-05.. 4109 20 21
1g37 136 2017-12-05..  -2340 08 49
1936 g3 2017-12:-05.. 282 01 50
rg38 rg39 2017-12-05..  |-583 -08 23
rg39 rg38 2017-12-05.. 563 -09 46
rg38 rg36 201712-05.. -39 11 a7

o Plot controls

See Plotting options for more information.
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o Tare table

Tares

Date

Tare (uGal)
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5. Network adjustment tab

The network adjustment tab provides information about the least-squares network
adjustment. The basic workflow is to:

1. Populate the delta table with relative-gravity differences

2. Add datum observations manually or from a file

3. Perform the network adjustment

4. Evaluate the adjustment statistics

5. Revise by removing outliers and/or adjusting the standard deviations

6. Export results

The parts of the network adjustment tab are:

Delta table: Adjustment resuts
®
\ \
\ A
Relative-gravity differences (delta-g's) Adjusted station values
From To Loop  Time Delta-g Driftcorr.  Std. dev. ~ || station’ g Std. dev. A
Biort 57 1 2017-12-06202829  -1089.5 00 30 rg71 515143 408
rg71 1960 1 2017-12-0619:5829 9528 00 31 170 537013 414
g70  rg47 0 2017-12-05 192256 -9913 00 17 1961 500311 399
970 rgs3 0 2017-12-05193808 28779 11 19 1960 505666 405
rg61 1956 1 2017-12-06204908 848 00 43 1957 504249 304
rg61 1937 1 2017-12-06190133  -107 00 42 1956 501165 408
1061 1957 1 2017-12-06 184700 3954 00 13 1055 494492 401
960 rg71 1 2017-12-06 202051 9490 00 28 1953 508250 408
960 rgs7 1 2017-12-06200629  -1449 00 29 1950 483926 408
Datumtable | < 1 - . e nen o o 5 || rose 509844 398 .
Datum observations Least-squares statistics
‘\\ Station Date 9 Std. dev. #sets  Meas height  Gradient 2
\\ rg15 1/1/2000 50000.0 500 000 -3.00 1 Number of unknowns 29
2 Number of relative observations 84
3 Number of absolute observations 1
4 Degrees of freedom (nobs-nunknowns) 56
5 SDa posteriori 56945058
6 chisquare value 318892
7 critical chi square value 7447
8 Chi-test rejected
9 Average standard deviation 4022
e 5 || 10 Maximum delta residual 8541 .

o Delta table

Adjustment statistics
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Relative-gravity differences (delta-g's)

From N To Loop Time Delta-g Drift corr. Std. dev. ~
'rgﬂ rg57 1 2017-12-06 20:28:29 -1089.5 0.0 3.0

rgﬂ ............. rg60 1 2017-12-06 19:58:29 -952.8 0.0 31

rg70 rg47 0 2017-12-05 19:22:56 -991.3 0.0 17

rg70 rg53 0 2017-12-05 19:38:08 -28779 1.1 1.9

rgb1 rg56 1 2017-12-06 20:49:08 848 0.0 43

rg61 rg37 1 2017-12-06 19:01:33 -19.7 0.0 4.2

rgb1 rg57 1 2017-12-06 18:47:00 3954 0.0 1.3

rgel rg71 1 2017-12-06 20:20:51 949.0 0.0 28

rg60 rg57 1 2017-12-06 20:06:29 -144.9 0.0 29

M ..r= - an ANAT AN Ar Aaan.an Nann nn a - he
£ >
Datum observations
| Station v Date g Std. dev. # sets Meas. height Gradient|

The delta table shows the relative-gravity differences and associated information.
See delta-g observations for more information.

Datum table
Datum observations

Station - Date g Std. dev. # sets Meas. height Gradient|
rg1s 1/1/2000 50000.0 5.00 0.00 -3.00
< >

The datum table shows the "reference" values for the network adjustment. They can

be observed values from an absolute gravity meter, or arbitrary value. At least one

datum is required for network adjustment.

Adjustment results
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Adjusted station values
Station g Std. dev. ~
rg71 515143 40.8
rg70 537013 414
rg61 50031.1 39.9
rg60 50566.6 40.5
rgs7 504249 394
rgs6 501165 40.8
rgs5 49449.2 40.1
rgs3 50825.0 40.8
rgs0 48392.6 40.8
rg48 50984.4 39.8 w

The adjusted station values are shown in the adjustment results table at top right.
This table can be selected by clicking in the top left and copied by right-clicking.

o Adjustment statistics

Least-squares statistics

)
1 Number of unknowns 29
2 Number of relative observations 84
3 Number of absolute observations 1
4 Degrees of freedom (nobs-nunknowns) 56
5 SD a posteriori 56.945058
6 chisguare value 318892
7 critical chi square value 7447
8 Chi-test rejected
9 Average standard deviation 40.22
10 Maximum delta residual 85.41 y

The adjustment statistics are shown in the table at bottom right. If Gravnet inversion
is used, the results are taken directly from the Gravnet output.
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Delta-g observations

Delta-g observations are shown in the Delta table on the network adjustment tab:

Relative-gravity differences (delta-g's)

From N To Loop Time Delta-g Drift corr. Std. dev. SD for ad). Residual
1 2017-12-06 20:28:29 -1089.5 0.0 3.0 3.0 0.1
rg71 rgb0 1 2017-12-06 19:58:29 -952.8 0.0 3.1 31 5.1
rg70 rg47 0 2017-12-05 19:22:56 -991.3 0.0 1.7 1.7 -1.9
rg70 rg53 0 2017-12-05 19:38:08 -2877.9 1.1 1.9 1.9 1.7
rgb1 rg56 1 2017-12-06 20:49:08 84.8 0.0 4.3 43 05
rgb1 rg37 1 2017-12-06 19:01:33 -19.7 0.0 4.2 4.2 -2.0
rg61 rg57 1 2017-12-06 18:47:00 3954 0.0 1.3 1.3 -1.6
rgb0 rg71 1 2017-12-06 20:20:51 949.0 0.0 28 28 -1.3
rg60 rg57 1 2017-12-06 20:06:29 -144.9 0.0 29 29 32
rg57 rg40 1 2017-12-06 21:39:43 -241.0 0.0 26 26 0.0

Delta-g observations (also called relative-gravity differences) must be populated (that is,
copied from their respective loops to the Network Adjustment tab) using menu commands
on the Adjustment menu. Delta-g's for all surveys can be populated at once, or individual
surveys, or individual loops. The latter options are useful to verify that individual loops can
be adjusted correctly before adjusting the entire survey or campaign.

Delta-g's can be unchecked to exclude them from the network adjustment. For the "none",
"adjustment”, or "continuous" drift methods, the start/end times, and duration between them
are shown. For the Roman method, the time at which the delta-g is calculated is shown.

Two columns for standard deviation are shown: that calculated from the station observations
and/or drift method ("Std. dev." column), and the standard deviation used in the network
adjustment ("SD for adj." column). The latter can be adjusted if needed by specifying a
minimum value, or multiplier (see Network adjustment options). This is helpful to avoid
giving too much weight to delta-g's with very small standard deviations.

The standard deviation for the network adjustment ("SD for adj." column) can also be
manually edited. Care should be taken with this option because the fact that the standard
deviation was modified may not be obvious. The modified standard deviation will be saved
with the workspace, and a record of the modification is stored in the log file. If the standard
deviations are scaled after the initial adjustment, the user-modified standard deviations are
also scaled.

If the drift-correction type is none, network adjustment, or continuous, the delta-g value

can also be modified. This can be useful when troubleshooting bad observations, or hand-
entering datasets. If modified, the delta-g value is shown in red.
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The other items in the table cannot be modified. However, stations can be renamed in the
tree view.

Before network adjustment, the Residual column shows the default value -999. After
network adjustment this column shows the difference between the adjusted delta-g and the
measured delta-g. Clicking the column header sorts by residual magnitude.

Delta-g observations are linked to their respective values on the drift tab. If the drift method
for a loop is changed, all of the delta-g's for that loop on the Network Adjustment tab are
cleared and replaced with the new delta-g's (any modified delta-g's or standard deviations
will be lost). Also, if the station values are changed (by selecting/deselecting samples), the
respective delta-g's will automatically update.

72


http://go.usa.gov/xqBnQ

Datum observations

Datum observations are shown in the Datum table on the network adjustment tab:

Datum observations

Station g Std. dev. Date Meas. height Gradient Residual
4 rg57 479192408.4 5.39 02/28/18 100.00 -3.00 -4.5

1 rg37 979197987.0 6.68 02/26/18 100.00 -3.00 3.3
2 rg36 4791977226 6.23 02/26/18 100.00 -3.00 10.2

3 rg2b 979197580.5 2.79 02/27/18 100.00 -3.00 -1.4

Datum observations are the "known" values from which delta-g's are observed. At least
one datum observation must be present for each survey to perform an adjustment. A
datum observation can be an arbitrary value, such as 0 or 50,000, or it can be a measured
absolute-gravity value. There are three options for adding datum observations:

1. Adding manually
2. Importing from text file
3. Importing from g files

When datum observations are added, they are associated with the currently selected survey.
Datum observations can be excluded from the network adjustment by unchecking their
respective checkbox.

Datum observations, as shown in the Datum table, include the following fields:
« Station name
* Gravity (uGal)
+ Standard deviation (uGal)
* Date
* Measurement height (centimeters)
* Gradient (uGal/m)
* Residual (uGal)

The first three (name, gravity, standard deviation) are required. The station name must
match exactly at least one station with a delta-g observation (names are case sensitive).
The date is not used (datums are associated with the selected survey when they are
added). The measurement height and gradient are used to transfer an absolute-gravity
measurement from the measaured height (about 71 cm or 131 cm for the A-10 and FG-5
absolute-gravity meters, respectively) to the land surface (i.e., the height of the relative-
gravity meter). The gravity value for the respective datum measurement is increased by the
amount [measurement height] * abs([gradient]) (the gradient shown in the Datum table is
negative to indicate gravity decreases with elevation). Finally, the residual column in the
Datum table shows the difference between the specified absolute-gravity value and the
network adjusted value. If only one Datum observation is specified, the residual will be zero.
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The date, g, standard deviation, measurement height, and gradient fields can be changed by
double-clicking on the respective cell.
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Adding manually

Datum observations are added manually using the menu option Adjustment > Add datum
observation..., which brings up the following dialog:

B nput Dialog ? >

Datum station:

o5 v
Cancel

The dropdown list shows all of the current stations in the Delta-g table. After clicking OK, the

selected station is added to the Datum table with a default value of 50,000 +/- 5 yGal.
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Importing from text file

Datum observations are added from a text file using one of two menu options: Adjustment >
Import abs. g (simple)..., or Adjustment > Import abs. g (complete)... Either choice opens a
standard file open dialog. The file formats are:

Simple format - a space-delimited file with no header and the columns
STATION GRAVITY STDEV

Complete format - a comma-delimited file with one header line. GSadjust will import data
from the following columns (case-sensitive)
Gravity, Station Name, Set Scatter, Date, Transfer Height, Gradient

The columns may be in any order, and other columns may also be present.
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Importing from g files

Datum observations can be added directly from *.project.ixt files generated by 'g' software
(Micro-g Lacoste, Inc.) using the menu option Adjustment > Import abs. g from database,
which brings up the following dialog:

Mame Station Date -] Std. dew. Time (UTC) Peas. height Gradient # sets

sgp-utils 8 O rg57 02/28/18 9791984084 539 213044 100.00 -3.00 10
sgp-geadjustbak
sgp-geadjust - Copy 7
¥ sgp-gsedjust 6 [ rg37 02/26/18 S79197987.0 658 22:46:04 100.00 -3.00 10
tests

7TH rg57 12mnT 979138408.7 1.27 17:54:49 100.00 ~3.00 6

v [ test.doto 5 B4 037 207 gTIISTIT 238 15:44:09 100,00 -300 8

synthetic 4[rg3 022618 9731977226 623 233123 100.00 -3.00 0
v field
66
G-3 2 0 rg26 /278 9791975805 279 001737 100.00 <300 3
1

3 [ rg36 12/m17 9799TI26.6 3.03 16:20:15 100,00 -3.00 8

Burris _
Absohnte A rg26 zmnT 979TSTSS 1.15 141 100.00 -3.00 6
review
geadjust
docs
dist
-pytest_cache
Aidea
references
pysb_local
pysb
pyemu
pestools-master
pest
notebooks
Miniconda
min319
gwi_animation
gravity-imversion
gravity
grav_parallel
gis
fort-pymdwizard
Christensen

projects

cancel Impert

First, navigate to the directory with *.project.txt files. The Load button scans the chosen
directory and subdirectories. Metadata for each observation is shown in the table. Check the
observations to import and select the Import button.
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Network adjustment

Least-squares network adjustment is the process for solving the system of equations that
represent all of the survey observations (relative-gravity differences, and absolute-gravity
observations), along with any additional parameters that describe relative-gravity meter drift
and calibration.

In brief, network adjustment solves the system of equations, represented in matrix form as:
L+V=AX

where L is an n x 1 vector of relative-gravity (delta-g's) and absolute-gravity measurements ,
V is a n x 1 vector of residuals, A is the n x m design matrix, and X is a m x 1 vector of
unknowns, that is, the gravity value at each station and relative-gravity meter parameters
that describe drift and meter calibration. The value n is the total number of observations
(both delta-g's ad absolute-gravity), and m is the number of unknowns (number of gravity
stations plus the number of gravity-meter parameters).

GSadjust can solve the system of equations using the least squares routine in the Python
Numpy package (using the linalg.inv method), or using the program Gravnet. The solution
to use is selected with the Adjustment > Adjustment type... menu. Prior to adjustment,
adjustment options, including whether to include a calibration coefficient, are set using the
Network adjustment options dialog.

After successful adjustment, station values are shown in the Adjustment results table in the
upper right part of the Network adjustment tab. Statistics about the adjustment results and

meter parameters (drift and calibration, if included in the adjustment) is shown in the lower
right part.

Note that the delta-g's shown in the Delta table on the Network adjustment tab are
effectively static once the Delta table is populated. If changes are made to the samples
that comprise each station occupation, or the drift method, the Delta table must be cleared
(Adjustment menu > Clear delta table) and repopulated.

Oftentimes it is helpful to adjust the network in pieces (individual loops or surveys) prior
to adjusting the campaign (or a survey) as a whole. This can be accomplished using the
"Populate delta table - selected survey" and (or) "Populate delta table - selected loop"
options on the Adjust menu.
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Network adjustment options dialog

This dialog provides options for performing the network adjustment. Options 1-4 are used
to calculate the value shown in the "SD for adj." column of the Delta Table, which is the
standard deviation used in the network adjustment.

Standard deviation multiplier, pre-minimum
' Network adjustment options ? x
Standard deviation multiplier: post-minimum a :

~—— " [Jistandard deviation muitiplier: pre-minimum 10000
Add to standard deviation: pre-minimum e_____
| [ Add to standard deviation: pre-minimum 0.0
Minimum standard deviation °— R 0
4~ [ Calaate relative meter calibration coefficent
Calculate relative meter calibration coefficient e | L Specfy calioratan coefficent
T Meter Calibration factor
Specify calibration coefficient o |1 Ba 1.0

o
—
o

Calibration coefficient table eﬂf

P Sgnificance level for global model test 0.05
Significance level for global model test e'“

ot Apply to current survey (2017-12-05) | Apply to all surveys Cancel
~ ~

Restore defaults button e’ . —
- -

~ -~

Apply to current survey button @ to all surveys button 0,

Standard deviation multiplier, pre-minimum
When checked, multiplies the delta-g standard deviation (determined from the data
and/or drift-correction method) by the specified value prior to enforcing the
minimum standard deviation (if checked). May be used in conjunction with "Add to
std. dev." (multiplier is applied first).

If the minimum standard deviation box is not checked, this value is modified when
scaling the standard deviation after an adjustment.

Standard deviation multiplier: post-minimum
When checked, multiplies the delta-g standard deviation (determined from the data
and/or drift-correction method) by the specified value after enforcing the minimum
standard deviation (if checked). May be used in conjunction with "Add to std.
dev." (multiplier is applied first).

If the minimum standard deviation box is checked, this value is modified when
scaling the standard deviation after an adjustment.

Add to standard deviation: pre-minimum
When checked, adds the specified value to the delta-g standard deviation
(determined from the data and/or drift-correction method) prior to enforcing the
minimum standard deviation. May be used in conjunction with "Add to std.
dev." (multiplier is applied first).
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Minimum standard deviation
When checked, the delta-g standard deviation used in the adjustment is the greater
of the specified value, or the standard deviation determined from the data and/or

drift-correction method.

Calculate relative meter calibration coefficient

When checked, a relative-meter calibration coefficient (scale factor) is calculated

during the network adjustment. The calibration coefficient is a multiplier applied to all
relative-gravity observations. It is calculated from the datum observations in a network, and
2 or more datum observations are required. If more than one relative-gravity meter is used
on a survey, the calibration coefficient must be calculated or specified for all meters (if not
specified, it is set to 1.0).

Specify calibration coefficient
When checked, the specified relative-meter calibration coefficient is applied during
the network adjustment. The calibration coefficient is a multiplier applied to all
relative-gravity observations. A coefficient for each meter must be provided in the
calibration coefficient table.

Calibration coefficient table
o If the Specify calibration coefficient checkbox is checked, each delta-g is multiplied
by the gravity-meter specific coefficient in the calibration coefficient table.

Significance level for global model test
Significance level for the chi-square test used to evaluate adjustment residuals.

Restore defaults button
Restores default values in dialog box. One of the "Apply..." buttons must be selected

to apply values.

Apply to current survey button
Applies the network-adjustment options to the survey curently selected in the data
tree view at the left side of the window (The current survey is highlighted in bold).

Apply to all surveys button
Applies the network-adjustment options to all surveys in the campaign.
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Evaluating the adjustment

The network adjustment summary and statistics are shown in the bottom right of the
Network adjustment tab. If using Gravnet for adjustment, the adjustment results are taken
from the *.gra file written by Gravnet. If using Numpy for adjustment, similar output is shown.

In either case, the primary metrics for evaluating the adjustment is the Chi-square goodness
of fit test, the reference factor, and the observation residuals.

Chi-square test

The Chi-square test is a standard metric when adjusting survey observations of all types.
The test involves calculating the Chi-square statistic:

ViPi

%E

X =

=1

from the residuals (vj, the difference between observed and adjusted delta-g's and datum
values) and their respective weights (pj). The statistic is compared to a critical value,

calculated for the network degrees of freedom (number of observations) and the significance
level. The default significance level is 0.05 (5 percent) but can be changed in the Network
adjustment options dialog.

The result of the Chi-square test (‘accept' or 'reject’) is shown in the bottom right of the
Network adjustment tab.

Scaling the standard deviation

For network adjustment statistics to be accurate, the estimated standard deviations of the
input data must be accurate. This can be evaluated with the standard deviation a posteriori
statistic ("SD a posteriori") in the least-squares statistics in the bottom right of the Network
Adjustment tab. A value less than 1 indicates input standard deviation is too high; greater
than one indicates input standard deviation is too low. Using the Adjustment menu > Scale

standard deviation from results command (or the 7 button on the Tree View toolbar), the
standard deviation of the delta-g's is scaled automatically so that the standard deviation a
posteriori statistic approaches one. See adjustment options for more information on how the
scaling is applied.

Only the gravity-difference standard deviations are scaled; the datum observation standard
deviations are not.

Plots

Two plots are useful for evaluating the adjustment. The first, shown when the "Adjustment
> Plot residual histogram" menu item is selected, is a histogram of the delta-g residuals
(i.e., the difference between each observed delta-g and the adjusted delta-g). This plot
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should approximately follow a normal distribution, with no large outliers. The second plot,
"Adjustment > Plot adjusted datum vs. measured", shows a bar plot of the difference
between the datum observations (e.g., absolute-gravity measurements) and the adjusted
values. The closer these residuals are to zero, the better the adjustment.

For campaigns with several surveys, a time series version of the "adjusted datum vs.
measured" plot is available. Rather than columns, this plot shows the adjusted value and
measured values as separate time-series for each station.
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Outliers and standard deviation

Outliers and the standard deviation of the observations can both have a significant impact
on the adjustment results. The relative-gravity meter—both metal and quartz-spring versions
—is suspect to periodically recording a "bad" measurement. At times these may be tares
(offsets that persist across subsequent measurements) or extreme drift, but at other times,
only a single reading seems to be bad (based on repeat observations at that station). The
ability to quickly and iteratively remove potential bad measurements is an important function
of GSadjust.

Similarly, the standard deviation of the observations may need updating when adjusting a
network. The weight of each observation is proportional to 1 over the variance (standard-
deviation squared). For example, an observation (delta-g or datum) with standard deviation
of 5 yGal would have 1/25 the weight of an observation with a standard deviation of 1 uGal.
This range of standard deviations (or greater) is not uncommon for field surveys.

Outliers

Observations can be removed from the adjustment by unchecking the appropriate checkbox.
If the checkbox next to a station in the Data tree view is unchecked, the respective delta-

g table on the Drift tab will be updated. In this case, the delta-g table on the Network
adjustment tab will need to be updated using one of the "Populate delta table..." commands
(the delta-g tables also need to be updated after changing the drift method).

In addition to unchecking individual station occupations, delta-g's can be unchecked on the
Network adjustment tab. The delta-g table does not need to be updated, but the "Adjust
network"” command must be run to update the adjustment results. After the initial adjustment,
by sorting the delta-g table by the adjustment residual (by clicking the column header), the
worst observations can be identified and potentially removed. By cross-referencing the
residuals with stations and occupation times, it may be possible to identify problem stations,
or periods of bad data.

Datum observations can also be removed from the adjustment by unchecking the respective
checkbox. The "Adjust network” command must be run to update the adjustment results.

Standard deviation

The standard deviation of the observations may need updating based on the adjustment
results. As noted, it may be undesirable to have a wide range of standard deviations,

thus giving some undue weight. A second reason to update the standard deviation of the
observations is to meet the the Chi-square test criteria. if the a priori standard deviations
are too low (that is, the observations are worse than estimated), the Chi-square test will be
rejected.

Standard deviations of delta-g's and datums can be edited directly by double-clicking the
respective cells on the Network adjustment tab. More efficiently, a minimum standard
deviation, additive term, or multiplier can be applied to all of the delta-g's in a survey or
campaign in the Network adjustment options dialog.
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Exporting results

After performing the network adjustment, results can be obtained by copy-paste or exporting
to a tabular text file. In addition, if the "Write output files" option is checked in the Network
adjustment options window, station gravity values (and other information) are written to disk.

To copy adjusted gravity values to the clipboard, click the upper-left corner of the Results
table. This will highlight the table. Next, right-click on the table and select "Copy to
clipboard". The table can now be pasted into a text editor or spreadsheet program (the
keyboard shortcut Ctrl-C cannot be used to copy in this context).

Click here to select table
Adjusted station values

Station g Std. dev

2 1 630430 |13
5 [ellsg: 530203 (1.3
LY glc-7 52013.1 1.3

. 14

A glc-5 ’
Yglc10 | 607314 |13
1
golco 54245 113

Click here to select table

To export results to a tabular (.csv) text file, select the command "Write tabular data" on the
Tools menu. This will write a file named GSadjust_TabularDataYYYYMMDD-HHMM.csv,
with the date and time the file was written. The file will have the columns station name,
latitude, longitude, and elevation, and for each survey, g and the standard deviation of g
from the network

adjustment.

In addition, a table of gravity change between surveys can be exported from the Compute
gravity change window.
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6. Other tools
GSadjust includes other tools for evaluating and publishing gravity results:

Network visualization - plots gravity differences between stations.

Metadata export - text summary of adjustment results for creating metadata.

Vertical gradient calculation - for calculating the vertical gradient when a specific gradient
survey is done.

Tide correction - an alternative to the meter-supplied tide model.

Show/edit station coordinates - dialog for editing station coordinates, for map-view plots.
Calculate gravity change over time - tools for showing and plotting gravity differences
between surveys.

Logging - logging window for record keeping and troubleshooting.

Loop animation - shows the sequence of station observations in a survey.
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Network visualization

Network graphs of the relative-gravity observations are available using the menu options
Network graph - circular and Network graph - map view, on the Tools menu. The first option
plots stations equally spaced around a circle, whereas the latter plots stations according

to their spatial location (in Cartesian coordinates; map projections are not supported). For
either option, line weight is proportional to the number of delta-g's between any two stations.
Enabled delta-g's (unchecked in the Delta Table) are plotted as gray lines. Disabled delta-g's
are plotted as red lines.

Network graph - circular
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Network graph - map view (Latitude/Longitude coordinates)
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GSadjust Manual
USGS Southwest Gravity Program
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Metadata export

When publishing network-adjusted gravity data, it should be accompanied by a description
of the processing. Complete geospatial metadata, typically provided in XML format, meets

the FGDC or ISO 19115 standard. Many tools exist to prepare such metadata, and typically

a specialized editor is required to meet the specific format and fields required by the
standards.

To assist in the preparation of metadata, the Tools > Write metadata text menu command
will write narrative text to a file in the data directory with details of the network adjustment,
including:

* Minimum and maximum delta-g residuals

* Minimum and maximum datum observation residuals

» Average standard deviation of the adjusted gravity values
* Number of delta-g's included in the adjustment

* Number of excluded delta-g's

* Number of datum observations included in the adjustment
* Number of excluded datum observations

Typically this metadata text would be included in the Attribute Accuracy Report section of
FGDC metadata.
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Vertical gradient calculation

Vertical gradients (the change in gravity with vertical position, in units of microGal/m) are
typically measured by moving a relative-gravity meter between the land surface and (or)
two or more positions on a tripod. Typical tripod heights are 71 cm (the height of the A-10
absolute-gravity meter) and 131 cm (the height of the FG-5 absolute-gravity meter).

If data are collected at two heights (typically, one at the land surface and one elevated,
but any two heights are possible) GSadjust can calculate the vertical gradient by dividing
the gravity difference by the height interval. This process requires the Roman drift method
be used. The height interval is specified by the menu option Process > Vertical gradient
interval... The default value is 64.2 cm; if the tripod is set to this height the sensor of

a LaCoste and Romberg D or G relative-gravity meter is located at approximately the
measurement height of the A-10 absolute-gravity meter.

Vertical gradients are calculated with the menu option Process > Write vertical gradient file...

This opens a file save dialog. The resultant file, a text file with the extension .grd, has a
single value and uncertainty (in units of uGal/cm).

At this time GSadjust will only calculate a two-point, first-order linear gradient.
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Tide correction

Although most modern relative-gravity meters provide real-time tide correction based on
station location, GSadjust provides the option to replace the meter-provided tide correction
with calculated tides using the Agnew model, from the software Predict, or from a Tsoft-
format text file. The tide correction is changed using the Process > Tide correction menu
item. This shows a dialog box in which the method can be selected:

B python >

Select tide-correction method

Meter-supplied Agnew Cancel

Note: The Agnew code was originally developed for PyGrav (Hector and Hinderer, 2016).
The accuracy of this code has not been independently verified.

Meter-supplied

If the tide model has been changed after loading a data file (using one of the options below),
selecting Meter-supplied in the dialog will restore the original meter tide correction. If the tide
model has not been changed, this option will have no effect.

Agnew

The Agnew correction calculates a theoretical solid-Earth tide based on station and time
(Agnew 2007, Agnew 2012). The station occupation times must be recorded in UTC. The
tide is calculated for a single location. When the Agnew option is selected, the user is
prompted to enter coordinates:

B | Survey coordinates  — O X

Latitude 32.700 |

Longitude |-110.200] |

Elevation 700.0 |

OK

The default coordinates are calculated as the average of the station locations.

Agnew, D.C., 2007, 3.06 - Earth Tides, in Schubert, G. ed., Treatise on Geophysics,
Amsterdam, Elsevier, p. 163—195.

Agnew, D.C., 2012, SPOTL: Some Programs for Ocean-Tide Loading
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Hector, B., & Hinderer, J. (2016). pyGrav, a Python-based program for handling
and processing relative gravity data. Computers & Geosciences, 91, 90-97. https://
doi.org/10.1016/j.cageo.2016.03.010

Van Camp, M., & Vauterin, P. (2005). Tsoft: graphical and interactive software for the
analysis of time series and Earth tides. Computers & Geosciences, 31(5), 631-640. https://
doi.org/10.1016/j.cageo.2004.11.015
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Show/edit station coordinates

Station coordinates are used to plot the network graph in map view, and to plot gravity-
change results. They are not used directly for the tide-correction model; those coordinates
are specified in a dialog box when a tide correction is run.

Station coordinates are populated when a data file is read. Station coordinates may be
viewed or updated using the Show station coordinates... command on the Edit menu. The
table shown in the popup can be copied and pasted. For example, the table could be copied
to Excel, updated with post-processed GPS coordinates, and pasted back into GSadjust.
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B station coordinates 7 >

Station  Latitude Longitude  Elevation %
1 rg33 35141868  -106.672634 16000
2 rg36 3514094477 -106.6696641 16000
3 rg3d 35142992 -106.667108  1633.0
4 rg34 35145559 | -106.659868 1639.0
5 rg3 35141609 -106.666698 16000
& rg32 35148401 -106.669099  1633.0
7 rgd3 35,1433 -106,664651 16350
2 rglé 35141518 -106.669606 16000
9 rg3l 35140031 -106.669071  1600.0
10 rg39 3513905263 -106.6691124 1600.0
11 rgi 35146101 -106,662878 16320
12 rgdl 35.1462 -106.669199 | 1633.0
13 rgdé 35137842 -106.666559 16320
14 rg28 35141837 -106.671632 16000
15 rg56 3514064782 -106,662084 16000
16 rgdd 35141599 -106.664207 16330
17 rg3 35141395 -106.668413 16000
18 rgd 35.14528 -106.666879 | 1634.0
19 rghl 3514069 -106,668163  1600.0
20 rgdd 3514193273 -106.674018% 1600.0
21 rg3? 35142072 -106.669613 16000
22 rgi0 3514200411 -106.6763032 1600.0
23 rgil 3513618645 -106.6716197 1600.0

74 raGE 35 1ANG3335 | _1NE 723533 1RON M ¥
o
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Calculating gravity change over time

If two or more Surveys are present in a Campaign, GSadjust can calculate the change in
gravity over time using the Process > Compute gravity change menu option. This opens a
new window that displays a table of gravity change:

B Gravity Change - O x
station -08-08_to_2016-1. +12-01_to_2017-0 -03-02_to_2017-0 -08-03_to_2017-1. -12-07_to ™
BCN1 -999 -999 -999 -13.6 -15.0
BCM2 -999 -999 -999 -2.2 3.0
COPP 57 3.6 -7.3 74 7.5
JCLI -999 -999 -1.5 7.2 2.5
MEMNA 8.1 -3.8 -5.1 4.1 0.6
SICI -999 -999 -999 1.3 9.4
SouT 89 27 -5.1 5.2 55
ben3 -999 -999 -999 -14.2 -11.9
bend -999 -999 -999 -13.2 -9.4
ben3 -999 -999 -999 -7.0 -4.0
benb -999 -999 -999 6.4 8.2
etay -999 -999 -999 13.6 6.8
fox 8.6 0.5 48 4.6 3.3
hfch -999 -999 -999 7.1 8.9
hoff 7.3 -0.0 39 10,0 10.2
irsh -999 -999 -999 148 6.2
jeline 139 -999 -999 -999 -999
lalt 6.5 2.3 -4.0 -3.0 121
manz 5.7 0.6 4.6 -2.0 74
math -999 -999 -999 85 3.8
meki -999 -999 -999 0.8 9.7
mesa 57.1 321 3.8 2.7 4.8
sanv -0.0 -1.5 -2 1.0 4.5
sinn 1314 -Rd 5 -G0gq -00a -00q N7
< >
Map Plot Copy to dipboard | | Show full table

Three table formats are selectable from the drop-down list:

Simple: Includes gravity change is calculated between each successive survey, and
cumulative change is calculated from the first survey. One row per station.

Full: Includes station coordinates, adjusted gravity values and standard deviation, and
gravity change converted to meters of water. One row per station.


http://go.usa.gov/xqBnQ

List: Includes station name, date, adjusted gravity value, and standard deviation. One row
per station per survey.

To export results, select cells in the table (Ctrl-a to select all), and select the "Copy to
clipboard" button at the bottom of the table.

The complete table can also be exported by selecting the Tools > Write tabular data menu
option.

Gravity-change time series can be plotted with the Plot and Map buttons.

95


http://go.usa.gov/xqBnQ

Plotting gravity time-series

The gravity-change time series can be plotted with the Plot button on the gravity change
table. Gravity change is plotted relative to the first occupation at each station. The plot can
be saved as an .svg file from the Matplotlib toolbar for further editing in lllustrator or other
graphics packages.

Individual lines can be removed from the plot by clicking the line in the legend. All lines can
be deleted by clicking the right button, or restored by clicking the middle button.

More extensive plotting requires saving the gravity-change table by copy and pasting it or
saving as a text file with the Tools > Write tabular data menu option.
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Map-view gravity change

This window shows a presentation-style view of gravity change with an optional basemap.
Station coordinates must be present in the input file.

Note: Using the basemap option requires an internet connection. GSadjust can become
unresponsive while downloading a basemap; at the default resolution 10-30 seconds is

usually required. .
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Gravity change can be plotted between successive surveys (the Incremental
option), or relative to a particular survey (such as the first survey). Also, a linear
gravity trend in uyGal/yr can be calculated at each station.

Basemap

Show Basemap MNatGeo World_Map  ~ Resolution I Refresh

An optional basemap can be shown. Several options are available in the dropdown.

Basemap resolution can be changed using the slider (uncheck/check to refresh).
High-resolution basemaps can result in slow loading times.

o Show change in meters of water
D Show changes in meters of water

Gravity change can be converted to meters of water using the Bouguer slab
approximation (41.9 microGal = 1 meter of free-standing water)

Color range

Color range I

This slider controls the color range. If extreme values are present, they may mask
small changes. The color range can be reduced by moving the slider leftward.

Time slider
2017-12-07 to 2018-05-14

Controls the date range shown in the plot.
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Logging
Actions undertaken and error messages are logged to file to assist in troubleshooting errors
and showing the steps taken to arrive at a given workspace. The log file is saved in the
GSadjust main directory with the flename GSadjustLog_YYYYMMDD-hhmm.txt.

The log file can be shown by selecting "Log window" from the help menu.

B pythonw — O ot

DrIIT MeETnod S0 Lo Foman
Plotting Roman drift, Loop O
Drift method set to roman
Plotting Roman drift, Leoop 1
Drift method set to roman
Plotting Roman drift, Loop
Drift method set to roman
Plotting Roman drift, Loop 3
Drift method set to roman
Plotting Roman drift, Loop O
Drift method set to roman
Plotting Roman drift, Loop 1
Drift method set to roman
Plotting Roman drift, Loop
Drift method set to roman
Plotting Roman drift, Loop 3

Drift method set to roman

Plotting Roman drift, Loop O

Load duration E:/Shared/current/python/sgp-gsadjust/test data/

complete exampleZ.gsa: 34.04 secs

Humpy inversion, Survey: 2017-12-05

Humpy inversion, Survey: 2018-02-27

Calculating gravity change

Calculating gravity change

Calculating gravity change ¥
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Loop animation
When reviewing data, especially when the reviewer did not collect the data, it can be
helpful to visualize the survey progression in map view. To do so, right-click on a loop in
the tree view and select Animate loop. This will open a new window with an animated line
proceeding from the first to last station occupation, after which the animation repeats.

B Loop animation - O

2017-12-05 19:58:56 |
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Show calibration coefficients

For campaigns with several surveys, it can be useful to see how the calibration coefficients
compare. The Tools > Show calibration coefficients shows the following table:

B calibration cu:ue‘l‘ficienﬁ ? et
B10E
Date Coeff, 5.0.

) Emﬁmﬂg ................. 1000 -

3 2018-12-01 1.001306 0.001318

4 2017-05-02 1.001600 0.000000

5 2017-08-03 1.001682 0.000619

& 2017-12-07 1.001635 0.000740

7 2013-05-14 1.001962 0.000697

g 2018-00-04 1.001600 0.000000

g9 2018-12-10 1.001314 0.000635

10 2019-04-22 1.000398 0.000597
B-44

Date Coeff, 5D,
1 2019-03-14 0.999959 0.000%00
2 2019-12-16 0.952047 0.000343

Standard deviation equal to 0 indicates a specified calibration coefficient.
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7. Considerations
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Dynamic data links between tabs and status indicators

GSadjust links data across the data, drift, and network adjustment tabs. If station gravity
values change (by unchecking samples in the Data Table on the Data tab), the respective
gravity differences relative to that station on the Drift and Network Adjustment tabs are
immediately updated. This facilitates an iterative workflow.

Although the gravity differences are updated, the network adjustment is not automatically
repeated if station gravity values change. The user must repeat the "Adjust network"
command on the Adjustment menu. If station gravity values have changed since the
previous adjustment, a circular red indicator in the bottom right if the GSadjust window is
shown. The indicator is cleared after performing the adjustment.

When changes are made to the current loop drift correction method (for example, changing
the type from None to Continuous, or enabling the maximum time between repeats
threshold, the respective delta-g's for that loop on the Network Adjustment tab are updated
immediately and the adjustment results are invalidated. If the delta-g's for that loop aren't
included on the Network Adjustment tab (for example, if the delta table has not yet been
populated, or was populated with only a subset of loops, not including the current loop),
changing the drift correction method won't affect the deltas on the Network Adjustment tab.

In addition to the station gravity values, the check status of each station in the left-hand tree
view affects the data to be analyzed. When a station is unchecked, the delta-g's that include
the station are immediately removed from the Drift and Network Adjustment tabs.

By disabling relative-gravity differences through unchecking one of the constituent stations,
the influence of potentially bad station occupations can be rapidly assessed.
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Numpy vs Gravnet inversion

Two options exist for the least-squares solution of the network adjustment, Numpy or
Gravnet (Hwang et al., 2002). Gravnet is a Fortran program, and a compiled executable
for Windows is provided with GSadjust. Gravnet uses Cholesky decomposition to invert the
design matrix and solve the network adjustment system of equations. The numpy inverse
solution (using numpy.linalg.inv) uses the LAPACK linear algebra package's Gaussian
elimination routine.

For most network adjustment solutions the Numpy and Gravnet solutions will be identical,
and run equally fast. There are three main differences in functionality:

» Gravnet only accomodates a single relative-gravity meter when calculating a
calibration coefficient; the Numpy solution will calculate a unique calibration coefficient
for each relative-gravity meter.

* When drift is included as a polynomial to be solved for in the least squares solution,
Gravnet is limited to a single polynomial for all observations in a Survey. That is, if
the drift method on the Drift tab is set to "Network adjustment", all Loops in the same
Survey must also be set to "Network adjustment", all with identical polynomial degrees.
With the Numpy solution, the drift method can be set independently for each loop. If
necessary, the "Network adjustment” method may be used for some loops, and an
alternative method used for other loops within the same survey.

* Gravnet includes Pope’s t-test method to test for outliers; Numpy inversion does not
perform outlier tests.

Gravnet can also solve for circular (screw) error, but this option is not currently implemented
in GSadjust.

Gravnet is provided as a Windows executable; it will not run on non-Windows computers
unless the Fortran source code is compiled for the specific platform.

Hwang, C., C. Wang, and L. Lee (2002), Adjustment of relative gravity measurements using
weighted and datum-free constraints, Comput. Geosci., 28, 1005-1015.
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Vertical gradients

The vertical gravity gradient, expressed in pGal/cm, has two functions in combined absolute/
relative gravity surveys. First, the gradient is used in the absolute gravity data-collection
software ('g', by Micro-g LaCoste) to calculate g, because gravity varies over the height

of the free-fall. Especially for the A-10 meter, having a relatively short free-fall, the vertical
gradient has only a minor effect on g and a standard value (-3 or -3.086 uGal/cm) is often
used. Second, and more importantly, the vertical gradient is used to calculate g at the
transfer height at which it is reported. Typically the transfer height is 100 cm, whereas the
A-10 measures at about 71 cm, and the FG-5 at about 131 cm.

The latter application of the vertical gradient is important when combining relative and
absolute measurements, which are typically made at different measurement heights.
Generally the absolute-gravity measurement is transferred from the transfer height to the
land surface (or, the measurement height of the relative-gravity meter). GSadjust uses

the transfer height and gradients shown for each datum in the Datum Table to transfer the
absolute-gravity value to the land surfacer (these are imported from the *.project.ixt files
output by 'g' if the "Import abs. g - complete" menu option is selected). An offset equal to
[transfer height] * [gradient] is added to each datum. If the imported/specified absolute-
gravity value (or datum) should be used as-is, the transfer height should be set to zero. If the
gradient is the same for every datum, it will have no effect; a constant offset will be added to
each datum.

The adjusted gravity value at each station in the Results Table has the transfer offset applied
(that is, it is the gravity value at the land surface). When comparing adjusted to measured
values at datum stations, the offset is taken into account.

Vertical gradients are typically measured over a discrete interval using a relative-gravity
meter and a tripod or similar stand. A mini loop is measured between the ground and the
measurement height of the A-10 or FG-5 meter; typically the ground is occupied 3 or 4
times, and the tripod 2 or 3 times (additional occupations may improve accuracy). If this
type of survey, with only two stations, is processed with GSadjust, the menu option "Write
vertical gradient file..." can be used to calculate a vertical gradient, in microGal/cm, and write
it to file. The gradient is calculated over the interval specified in the dialog opened by the
"Vertical gradient interval..." menu command.
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Saving and loading the workspace

At any point the current workspace can be saved using the "Save workspace..." menu
command. This writes the stations, loops, and surveys of the campaign, along with their
checkbox states, drift method(s), delta-g's, and datums, to a file with a *.gsa extension.
The file is written in JSON format and can be read using a text editor. Hand-editing the file,
however, will likely lead to errors. Adjustment results are not saved. Saved workspaces can
be imported using the "Load workspace..." menu command.
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Multiple meters

GSadjust can accommodate data from more than one relative-gravity meter, and, if
absolute-gravity observations are present, determine the calibration coefficient for each
meter during the least-squares network adjustment. The presence of multiple meters is
determined automatically based on the serial numbers read from the raw data files. The
calibration coefficient option must be selected in the Network adjustment options dialog on
the Adjust menu. If this option is selected, a calibration coefficient will be determined for all
meters (there is no option to calculate a coefficient for some meters and not others used on
the same Campaign). If the calibration coefficient is to be determined for multiple relative-
gravity meters, the Numpy adjustment option must be selected; Gravnet cannot accomodate
more than one meter.
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